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A full  scale  wind  tunnel  test  of  the  gearingless  llain  Rotor  was 
conducted  ir  the  NASA-Ames  40 “by  80-foot  wind  tunnel.  The  pre- 
pare;tier  an  3 test  activities  ware  performed  under  the  super- 
vision of  the  Large  Scale  Aerodynamics  Branch  at  NASA-Amcs  end 
with  the  co-operation  of  the  40-by-80  test  crew.  The  test  was 
primarily  a stability  test  program,  a consideration  which 
guided  the  formulation  of  the  test  plan.  The  effects  of  air- 
speed, collective  pitch,  rotor  speed  and  shaft  angle  on  stabil- 
ity and  loads  were  determined  at  speeds  beyond  that  attained  in 
the  BMR/BO-105  flight  test  program.  Loads  and  performance  data 
were  gathered  at  forward  speeds  up  to  16S  toots.  The  effect  of 
cyclic  pitch  perturbations  on  rotor  response  was  investigated 
at  simulated  level  flight  conditions.  Two  configuration  varia- 
tions were  tested  for  their  effect  on  stability.  One  variable 
was  the  control  system  stiffness.  An  axially  softer  pitch  link 
was  installed  in  place  of  toe  standard  BO-105  pitch  link.  The 
second  variation  was  the  addition  of  elastomeric  damper  strips 
to  increase  the  structural  damping. 

The  Bearingless  Main  Rotor  system  as  installed  on  the  BO-105 
helicopter  was  used  in  this  wi.nd  tunnel  test.  Minor  modifica- 
tions included  toe  extension  of  the  pitch  link  barrel  length 
to  adapt  to  the  Rotor  Test  Apparatus  (RTA)  swashplate  location, 
and  the  fabrication  of  some  new  adapter  equipment,  to  mate  with 
the  RTA.  Following  hub  tares  and  track  and  balance  runs,  the 
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remainder  of  the  test  was  primarily  devoted  to  obtaining  sta- 
bility, loads  and  performance  data  for  a wide  range  of  test 
conditions.  The  basic  testing  sequence  was  to  set  the  desired 
rotor  speed,  collective,  shaft  angle  and  tunnel  speed,  main- 
taining zero  one/rev  flapping  using  lateral  and  longitudinal 
cyclic  pitch.  Loads  and  performance  steady-state  data  were 
taken.  The  rotor  was  then  excited  using  the  Dynamic  Control 
System  (DCS),  the  excitation  stopped,  and  the  decay  of  a chord 
bending  gaga  signal  analyzed  to  compute  the  fixed  system 
damping.  Additional  testing  included  loads  and  performance 
testing  at  simulated  level  flight  conditions,  and  perturbations 
on  lateral  and  longitudinal  cyclic  inputs  to  determine  the 
fixed  system  response  to  a transient. 

The  BMR  was  stable  at  all  conditions  tested.  At  fixed  collec- 
tive pitch,  shaft  angle  and  rotor  speed,  damping  generally 
increased  between  hover  and  60  knots,  remained  relatively 
constant  from  60  to  90  knots,  then  decreased  above  90  knots. 
Analytical  predictions  are  in  good  agreement  with  test  data  up 
to  90  knots,  but  the  trend  of  decreasing  damping  above  90  knots 
is  contrary  to  the  theory.  For  both  hover  and  forward  flight, 
fixed  system  daaiping  increases  with  increasing  collective  pitch 
at  fixed  rotor  speed  and  shaft  angle.  Damping  decreases  with 
increasing  rotor  speed  at  constant  collective  and  shaft  angle. 
The  effects  of  shaft  angle  are  small.  The  analysis  predicts 
the  trends  with  collective  and  rotor  speed  very  well.  The  cor- 
relation is  good  in  hover  and  at  low  collectives  in  forward 
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flight.  At  collectives  of  6°  and  above,  the  analysis  begins  to 
overpredict  the  damping  level. 

The  BMJ/RTA  test  results  compare  favorably  with  B m whirl  tower 
and  Bi-IR/BO-105  ground  resonance  and  air  resonance  testing.  The 
one  exception  is  the  ground  resonance  test  results  where  a 
coupled  rotor/body  mode  is  present.  The  effects  of  the  BO-105 
fuselage  celling  with  the  rotor  cannot  be  duplicated  on  the 
ETA. 

The  effect  of  adding  structural  damping  by  bonding  elastomeric 
damper  strips  to  the  flexbeams  was  to  increase  fixed  system 
damping  by  about  2-3%  critical  in  hover  for  all  rotor  speeds 
and  collectives  tested.  Similar  results  were  found  at  90 
knots.  The  correlation  of  the  measured  and  predicted  effects 
of  the  elastomeric  damper  strips  is  good. 

The  soft  pitch  links  produced  lower  damping  levels  in  hover 
below  425  rpra,  and  no  change  at  425  rpm.  There  was  little  or 
no  effect  in  forward  flight.  ' 

There  was  no  effect  on  stability  seen  when  the  eight  tunnel 
balance  dampers  were  removed.  The  effects  on  stability  of 
excitation  amplitude  and  trim  values  of  cyclic  pitch  were 
explored,  with  no  effects  indicated.  The  data  base  is  small 
however,  so  more  testing  is  recommended. 


The  testing  was  restricted  to  some  extent  by  loads.  For  sta- 
bility testing,  peak  torque  tube  chord  bending  restricted  the 
minimum  collective  which  could  be  achieved,  since  steady  torque 
tube  chord  bending  increased  directly  with  decreasing  collec- 
tive. Outboard  blade  and  flexbeam  steady  flap  bending  was 
increasingly  flap  down  with  airspeed  and  restricted  the  air- 
speed range,  as  did  blade  root  torsion.  During  cyclic  excita- 
tions for  stability  testing,  vibratory  chord  banding  was  crit- 

0 

ical. 

Vibratory  flap  bending  generally  increases  with  airspeed,  while 
chord  bending  is  greatest  betvxeen  40  and  80  knots.  Steady  flap 
bending  is  ixicreasingly  flap  down,  while  steady  chord  bending 
is  virtually  independent  of  airspeed.  Vibratory  and  steady 
flap  bending,  vibratory  chord,  and  vibratory  and  steady  torsion 
increase  with  collective  at  constant  rotor  speed  and  shaft 
angle.  No  single  trend  for  the  effect  of  collective  on  steady 
chord  could  b.-  defined.  Vibratory  loads  generally  increased 
with  more  positive  shaft  angles,  at  least  to  some  extent,  while 
steady  loads  were  essentially  independent  of  shaft  angle. 

The  steady  chord  bending  moments  in  the  flexbeams  were  not  dis- 
tributed evenly  between  leading  and  trailing  beams,  while  vib- 
ratory chord  bending  was  divided  evenly. 
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Flight  test  loads  and  loads  measured  in  the  BMR/RTA  test  are  in 
good  agreement,  with  differences  attributable  to  variations  in 
trim  between  the  wind  tunnel  and  flight  test.  The  correlation 
of  analysis  with  measured  loads  is  good  for  flap  bending  and 
fair  to  poor  for  chord  bending. 

} 
j 

Analysis  of  uie  8MR  performance  data  acquired  during  this  test  I 

•ij: 

shows  good  agreement  with  theoretical  predictions.  Since  the  : 

primary  objective  of  the  test  was  to  determine  rotor  stability  j 

the  testing  was  done  at  the  lowest  damping  levels,  hence  lowest  I 

collective  pitch  angles,  possible.  The  shaft  angles  selected  i 

for  testing  were  chosen  without  regard  to  matching  a specific 
Fe  every  test  point.  For  this  reason,  most  of  the  test 

data  was  at  simultaneous  lift  and  propulsive  force  levels  not 
representative  of  BO-105/BMR  flight. 


An  estimate  of  the  BMR  hub  drag  was  made  based  on  test  data  and 
compared  to  pre-test  predictions.  At  120  knots  = .29)  and  a 
trimmed  shaft  angle  of  -2.3°  the  measured  drag  level  of  4.75 
ft2  compares  favorably  with  the  pre-test  estimate  of  4.41  ft2. 

The  hover  data  obtained  during  the  test  showed  that  the 
measured  power  was  4.3%  higher  than  the  theoretical  estimates 
at  5000  pounds  of  thrust,  which  corresponds  to  the  take-off 
gross  weight  of  the  BO-105/BMR. 


fT- 
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The  forward  flight  data  showed  generally  good  agreement  with 
the  theoretical  predictions  in  the  speed  range  tested. 

The  rotor  responded  to  both  lateral  and  longitudinal  cyclic 
control  inputs  within  two  rotor  revolutions  after  the  input  was 
initiated.  The  response  was  precise  and  of  the  first  order, 
with  li'.  tie  or  no  overshoot.  The  cross  axis  response  shewed  no 
long  term  coupling.  Responses  to  positive  and  negative  cyclic 
inputs  for  lateral  or  longitudinal  perturbations  showed  symme- 
try about  trim. 


14 


( 


,-*  > 

*■ 


2 * 0 INTRODUCTION 
2.1  HISTORY  OF  TEE  BHR 

The  Bearingless  Main  Rotor  (M)  is  the  product  of  a contract 
effort  undertaken  by  the  Boeing  Vertol  Company,  which  was  fund- 
ed by  the  Applied  Technology  Laboratory  at  Ft.  Eustis, 
Virginia,  to  design,  fabricate  and  te.'t  a prototype  bearingless 
rotor  system.  Awarded  in  June,  1976,  the  BKR  development  pro- 
ceeded from  an  extensive  analytical  design  phase  through  a 
series  of  fatigue  tests,  small-scale  wind  tunnel  and  whirl 
tower  tests,  culminating  in  a flight  test  program  which  began 
on  October  26,  1978. 


Boeing  Vertol -s  involvement  in  the  development  of  the  Bearing- 
lebs  Main  Rotor  predates  the  Eustis  contract.  As  early  as 
1964,  Boeing  teamed  with  MBB  in  the  development  of  the  hinge- 
less,  soft-inplane  RO-105  rotor.  In  the  1970’s  Boeing  Vertol 
gained  significant  experience  in  the  analysis  and  testing  of 
hingeless  rotors  with  the  YUH-61A  (UTTAS)  program.  Analytical 
programs  such  as  C-45  were  written  to  predict  aeroelastic  sta- 
bility, C-60  to  predict  loads  and  Y-71  to  predict  frequencies 
and  mode  shapes.  The  bearingless  tail  rotor  was  a key  element 
in  the  development  of  the  YUH-61A  helicopter.  This  rotor 
system  utilized  fiberglass  composite  fl exstraps  for  blade 
retention  and  collective  pitch  input.  The  testing  of  this 
stiff  in-plane  rotor  provided  a wealth  of  data  towards  the 
understanding  of  several  types  of  aeroelastic  stability  phenom- 
ena. in  addition,  the  sensitivity  of  stability  to  chord  fre- 
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quency,  flap  frequency,  torsion  frequency,  blade-to-strap  pre- 
pitch, tip  weights,  chordwise  center  of  gravity,  sweep,  and 
airfoil  section  was  examined.  Several  alternative  designs  were 
tested,  which  added  to  the  understanding  of  design  requirements 
for  bearingless  rotors. 

In  1974  Boeing  Vertol  submitted  a proposal  to  the  Applied  Tech- 
nology Laboratories  at  Ft.  Eustis  (at  that  time  USAAMRDL ) for 
an  Improved  Rotor  Hub  Concept  (Reference  1).  In  that  document 
the  application  of  a lag-torsion-flap  flexure  to  a hingeless 
rotor  was  discussed.  Following  that  proposal,  an  analytical 
effort  was  initiated  to  apply  bearingless  rotor  technology  to 
the  BO-105  helicopter.  The  results  of  the  design  study  were 
utilized  in  preparing  a response  to  an  RFP  issued  by  the  ATL  at 
Ft.  Eustis,  Virginia  in  1975  (Reference  2).  This  led  to  the 
June  1976  contract  award  to  Boeing. 

The  development  of  the  BMR  was  divided  into  several  phases. 
The  preliminary  design  phase  (June  - December  1976)  involved 
many  iterations  of  the  basic  design  concept  to  achieve  the  best 
tradeoff  between  dynamic  characteristics  and  aeroelastic  sta- 
bility, structural  integrity,  flying  qualities,  control  system 
requirements,  and  minimum  modification  to  the  BO-105  blade  and 
control  system. 
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The  detail  design  phase  (December  1975  - May  1977)  consisted  of 
both  analysis  and  testing  to  refine  the  RMR  design.  Analytic” 
ally,  computer  programs  were  developed  which  predict  the  loads 
and  deflected  shape  of  the  highly  contoured  beams  when  subjec- 
ted to  chordwise  and  torsional  loadings.  These  programs  were 
used  to  better  define  the  geometry  of  the  fiberglass  beams  re- 
quired to  satisfy  the  design  criteria.  Static  strain  surveys 
and  deflection  tests  were  performed  on  beam  specimens  to  verify 
that  the  final  design  met  the  design  requirements.  In  addi- 
tion, a wind  tunnel  test  was  conducted  on  a 1/5.86  Froude- 
scaled  air  resonance  model  shown  in  Figure  2.1.  The  model, 
free  to  pitch  and  roll  about  a two-axis  gimbal  system,  was 
flown  through  the  entire  envelope  of  the  BO-105  to  verify  the 
BMR  stability.  Over  400  hours  of  tasting  were  accumulated  on 
the  model,  including  nineteen  different  configuration  varia- 
tions to  identify  the  design  with  the  optimum  stability  charac- 
teristics. Examples  of  parameters  which  were  investigated 
include  beara-to-hub  prepitch  angle,  blade-to-beam  pitch  angle, 
beam-to-hub  coning,  blade- to-beam  coning  and  first  chord  fre- 
quency. Data  in  hover  were  developed  in  terms  of  damping 
versus  rpm  at  l.Og  thrust,  and  damping  versus  thrust  at  normal 
rotor  speed.  In  forward  flight  the  data  were  generate^  as 
damping  versus  airspeed  at  l.Og  thrust  and  normal  rpm,  and 
damping  versus  rotor  speed  at  fixed  thrust  and  airspeed.  Sim- 
ulated climbs  and  descents  were  also  performed.  The  results  of 
this  testing,  described  in  Reference  3,  defined  the  final  con- 
figuration for  the  detail  design  phase. 
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Following  the  detail  design  phase,  full  scale  test  specimens 
were  fabricated  to  prove  the  manufacturing  process  and  to  per- 
form static  and  dynamic  bench  testing.  Static  testing  included 
stiffness  verification  and  deflection  tests.  Particularly  not- 
able was  the  investigation  of  the  control  system  requirements 
with  simulated  centrifugal  force  applied.  Testing  verified 
that  the  BKR  required  no  modifications  to  the  BO-105  controls. 
Limit  load  testing  to  a 3„5g  maneuver  condition  verified  the 
structural  integrity  of  the  BMR  system.  Non-rotating  frequency 
and  mode  shape  tests  were  performed  to  verify  the  Y-71  and 
NASTRAN  analysis,  since  the  modal  properties  are  important 
inputs  to  the  dynamic  stability  analysis. 

Fatigue  testing  was  performed  using  the  test  set-up  shown  in 
Figure  2.2.  The  purpose  of  these  tests  was  to  establish  endur- 
ance limits  for  whirl  and  flight  testing  and  to  verify  that  the 
design  criterion  of  a fatigue  life  greater  than  3600  hours  was 
achieved.  A combined  flap-chord- torsion  loading  with  a simu- 
lated centrifugal  force  load  was  applied  to  the  beam  assembly 
to  simulate  a 2g  load  factor  at  112  knots.  Over  2.5  million 
cycles  were  applied  to  the  BMR  system  with  no  failure.  Similar 
fatigue  testing  was  performed  on  the  isolated  torque  tube 
assembly,  the  blades  and  the  hub,  The  results  of  the  fatigue 
tests  (Reference  4)  cleared  the  BMR  for  a minimum  of  500  hours 
of  flight.  Based  on  the  loadings  in  the  fatigue  test  and  the 
flight  loading  spectrum,  a very  conservative  minimum  fatigue 
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v ■'"  life  of  1200  hours  was  established.  It  is  felt  that  additional 

testing  would  verify  the  3600  hour  fatigue  life  criterion. 

In  July  1978,  the  BMR  was  installed  on  the  Boeing  2B  Whirl 
Tower  (Figure  2.3).  The  24  hours  of  testing  included  a 
thorough  load  and  strain  survey,  determination  of  modal  fre- 
quencies, an  investigation  of  aoroelastic  stability  character- 
istics, and  an  endurance  run.  The  load  and  strain  survey  con- 
sisted of  cyclic  sweeps  at  fired  values  of  thrust,  up  to  shaft 
torque  or  shaft  bending  limits,  at  425  rpm  and  468  rpm  (110% 
overspeed  condition) . Data  recorded  included  blade  and  beam 

t 

total  strains,  flap,  chord,  and  torsion  bending  moments,  pitch 
link  loads,  torque  tube  bending,  shaft  torque,  shaft  bending, 

( and  cyclic  actuator  leads.  The  results  were  compared  to  struc- 

tural limits  established  during  fatigue  testing  and  to  analyt- 
ical results . The  modal  frequencies  were  found  by  spectral 
analysis  of  the  gage  output  from  the  beams  and  blades.  The 
full  frequency  spectrum  from  0 rpm  to  475  rpm  was  determined 
and  the  effect  of  collective  pitch  on  modal  frequencies  was 
evaluated.  Aeroelastic  stability  was  investigated  by  harmon- 
ically exciting  the  sv^ashplate  at  the  appropriate  frequency, 
shopping  the  excitation,  and  measuring  the  decay  of  the  blade 
motion  as  indicated  by  the  strain  gages.  Damping  was  measured 
at  five  distinct  rotor  speeds  for  several  values  of  collective 
pitch.  This  information  was  also  compared  to  predictions,  with 
favorable  results.  Finally,  an  endurance  run  was  performed  at 
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468  rpm  with  loads  and  control  settings  data  recorded  periodi-  ’\...  J 
cally.  The  whirl  tower  test  results  are  documented  in  Refer- 
ence 5. 

The  BMU  flight  test  program  commenced  with  the  first  hovering 
flight  on  October  26,  1978.  Figure  2.4  shows  the  aircraft  at 
Boeing  Vertol • a Flight  Test  facility  in  Wilmington,  Delaware 
during  this  flight.  The  more  than  40  hours  of  testing  included 
ground  and  air  resonance  damping  investigations,  vibration 
testing,  loads  surveys  and  flying  qualities  evaluations.  Ref- 
erences 6,  7 and  8 describe  fully  the  flight  test  program  and 
results.  The  aircraft  was  tested  for  ground  resonance  on  both 
concrete  and  turf  for  a range  of  collective  positions  at  rotor 
speeds  from  75%  to  102%  normal  rotor  speed.  The  results  indi-  j 

cated  a somewhat  lower  damping  level  than  the  baseline  BO-105, 
but  with  adequate  stability  margins  throughout  the  range  of 
conditions  t ssted.  It  was  found  that  the  damping  levels  could 
easily  be  increased  with  longitudinal  stiffening  of  the  landing 
gear. 

Air  resonance  damping  was  investigated  at  conditions  which  were 
expected  to  be  critical.  This  included  level  flight  speeds 
from  hover  to  106  knots  at  3000  feet  density  altitude,  and  max- 
irnum  power  dives  at  speeds  to  127  knots.  Testing  was  also  per- 
formed for  climbs  and  descents  from  20  to  100  knots,  for  auto- 
rotation at  60,  90  and  100  knots  for  rotor  speeds  from  85%  to 
108%  normal  rpm,  and  for  pull-ups,  push-overs  and  banked  turns 
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at  2.5g»s.  The  mm  demonstrated  an  acceptable  stability  margin 
at  all  flight  conditions  tested,  with  damping  levels  similar  to 
the  BO-105  for  most  of  the  flight  regime. 

A detailed  loads  survey  was  performed  with  the  aircraft  tested 
at  load  factors  between  zero  and  2.3g's  and  forward  speeds 
of  -20  to  127  knots  (Vne)  were  demonstrated.  Maneuvers  inclu- 
ded left  and  right  sideward  flight  up  to  25  knots,  stabilized 
banked  turns  up  to  60°,  descents  up  to  Vne,  including  autorota- 
tion, and  maximum  power  climbs.  Flight  testing  was  performed 
at  3,000  feet  altitude  and  one  (1)  nominal  center  of  gravity 
location  duo  to  the  high  gross  weight  of  the  instrumented  air- 
craft. This  demonstration  was  not  limited  by  structural  res- 
trictions; however,  higher  than  expected  torque  tube  bending 
loads  were  experienced.  The  loads  survey  provided  a wealth  of 

information  on  the  structural  characteristics  of  this  bearing- 
less rotor  design. 

Three  flights  were  devoted  entirely  to  gathering  flying  quali- 
ties data  such  as-  stick  positions,  roll  and  pitch  angles  and 
rates,  sideslip,  and  angle  of  attack  versus  CG  position.  This 

data  was  collected  in  order  to  predict  stability  derivatives  of 
the  BMR . 
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FIGURE  2.1  1/5.86  FROUDE  SCALED  BMR  AIR  RESONANCE  MODEL 
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FATIGUE  TEST  SET-UP 
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FIGURE  2.4  FIRST  FLIGHT  OF  THE  BMR  ON  OCTOBER  26,  1978 
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2.2  BACKGROUND  FOR  TESTING  THE  BMR  IN  THE  40-by~80  TUNNEL 
Before  the  BMR  flight  test  program  had  even  started,  the  poten- 
tial of  this  advanced  rotor  system  was  recognized  by  many  in 
the  helicopter  industry.  It  was  realized  that  while  the  flight 
test  program  could  demonstrate  the  feasibility  of  this  system 
and  provide  some  information  on  loads  and  stability,  a more 
thorough  understanding  of  tne  dynamic  and  structural  character- 
istics of  the  BMR  would  be  possible  in  the  controlled  environ- 
ment of  a full  scale  wind  tunnel  test.  Discussions  were  initi- 
ated with  the  personnel  at  the  NASA-Ames  40-by-80  foot  wind 
tunnel  to  plan  a test  of  the  BMR  at  that  facility.  The  origi- 
nal concept  of  the  test  was  a direct  comparison  of  two  config- 
urations; the  one  built  under  the  Eustis  contract  and  a second 
generation  EMR  with  a reduced  effective  flapping  hinge  offset. 
Due  to  budget  and  time,  constraints  the  scope  of  the  program  was 
reduced  to  testing  the  prototype  BMR  with  several  parameter 
variations. 


2.3  TEST  OBJECTIVES 

The  primary  objective  of  the  BMR  test  in  the  Ames  40-by-3Q  wind 
tunnel  was  to  obtain  a thorough  evaluation  of  the  aeroelastic 
stability  characteristics  of  the  Bearingless  Main  Rotor  up  to 
the  maximum  attainable  forward  speed.  This  was  to  include  an 
investigation  of  system  modal  damping  as  a function  of  collec- 
tive pitch,  rotor  speed,  shaft  angle,  and  if  time  permitted, 
rates  of  climb  and  descent. 
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V ' The  stability  characteristics  of  the  BMR  defined  from  this  pro- 

gram were  to  be  compared  to  dynamic  Froude-scale  model  test 
data,  full-scale  whirl  tower  data  and  flight  test  data  where 
appropriate  to  establish  the  validity  of  the  test  results  and 
contribute  to  the  understanding  of  these  results.  It  was  in- 
tended that  correlation  work  would  be  performed  with  theoret- 
ical data  uo  validate  and  improve  the  mathematical  models  used, 
to  predict  the  stability  of  this  type  of  hingeless  rotor.  One 
objective  of  the  test  program  was  to  investigate  whether  the 
stability  data  is  much  different  from  flight  test  data  when 
obtained  in  the  wind  tunnel  where  more  precise  control  of  trim 
conditions  is  possible. 

( Several  configuration  variations  were  to  be  tested  to  determine 

thciz  effect  on  stability.  Should  the  configuration  changes 
prove  to  be  beneficial  for  stability  characteristics,  potential 
improvements  to  the  existing  design  con1 d be  realized  such  as 
reduced  structural  and  design  complexities.  The  planned  con- 
figuration changes  were  softer  pitch  links,  the  addition  of 
elastomeric  damper  strips  and  sweep  variation. 

In  addition  to  the  stability  investigation,  ?n  extensive  amount 
of  loads  data  were  to  be  recorded,  "’.ae  rotor  was  to  be  tested 
to  forward  speeds  well  beyond  the  capability  of  the  BO-105 
helicopter.  Variations  in  thrust,  rpm  and  shaft  angle  (propul- 
sive force)  were  to  be  performed  to  further  the  understanding 
of  the  structural  characteristics  of  the  BMR  components. 
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The  measured  loads  data  were  to  be  compared  to  both  whirl  tower 
and  flight  test  data  so  that  the  results  obtained  during  this 
wind  tunnel  program  could  be  better  understood.  Of  particular 
significance  were  the  torque  tube  loads,  since  flight  testing 
produced  some  unexpected  results.  The  transmitted  vibration 

was  measured  so  that  the  contribution  of  the  BMR  to  vibration 
could  be  defined. 

One  purpose  for  monitoring  the  loads  during  the  test  was  that 
idle  loads  data  obtained  during  the  wind  tunnel  testing  at  Ames 
could  be  correlate’  with  analytical  predictions.  The  goal  was 
to  validate,  and  improve  where  necessary,  the  mathematical* 
model  used  to  predict  the  BMR  loads.  A specific  area  of  in- 
terest was  the  multiple  load  path  consisting  of  the  dual  beams 
and  torque  tube.  Consequently  one  flexbeam/torque  tube  assem- 
bly was  heavily  instrumented  to  provide  further  insight  into 
the  nature  of  the  elastic  deformations* 

A secondary  objective  was  to  measure  the  BMR  configuration 
rotor  performance.  Parameters  such  as  the  lift/drag  ratio, 
rotor  power  coefficient  and  rotor  drag  coefficient  were  recor- 
ded  to  provide  a data  base  for  understanding  of  the  BMR  per- 
formance characteristics.  The  measured  data  were  to  be  com- 
pared to  the  analysis  to  establish  correlation. 
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v'  Flying  qualities  data  were  to  be  obtained  subject  to  the  limi- 

tations of  the  testing  schedule.  Step  inputs  of  longitudinal 
and  lateral  cyclic  were  to  be  put  in  through  the  dynamic  con- 
trol system,  and  the  time  history  of  the  rotor  flapping  res- 
ponse was  to  be  recorded.  This  information  could  be  translated 
into  the  response  of  the  rotor  disc  to  a transient  input,  pro- 
viding data  on  the  phasing  and  amplitude  of  the  response  to 
control  inputs. 

Acoustic  data  were  recorded  during  testing  and  will  be  pro- 
cessed by  NASA-Ames . 
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3 • 0 DESCRIPTION  OF  HARDWARE 

3.1  BEARINGLESS  MAIN  ROTOR  CONFIGURATION 

3.1.1  Design  Criteria 

The  selection  of  the  BO-IOS  as  the  flight  test  vehicle  in- 
fluenced the  formulation  of  a number  of  the  design  criteria. 
The  BO-105  was  chosen  for  several  reasons.  The  development  of 
a bearingless  rotor  proceeds  easiest  and  most  logically  from  a 
hingeless  rather  than  an  articulated  rotor.  The  Boeing  Company 
has  conducted  man/  research  flight  test  programs  using  the 
BO-105,  so  we  were  very  familiar  with  its  characteristics  and 
had  a great  deal  of  baseline  data  to  draw  upon.  Additionally, 
the  BO-105  is  a soft  in-plane  rotor,  which  is  significant  in  a 
design  program  where  aeroelastic  stability  is  of  prime  concern. 

The  stiff  ir.-plane  rotor  system  is  not  subjected  to  the  air  and 
ground  resonance  stability  phenomena  of  the  soft  in-plane 
rotor,  yet  is  susceptible  to  blade  and  rotor  instabilities  such 
as  the  flap-lag  instability  which  can  be  equally  disasterous. 
The  soft  in-plane  rotor  is  free  of  the  typical  flap-lag  insta- 
bility, and  by  utilizing  beneficial  blade  elastic  couplings  a 
rotor  free  of  air  and  ground  resonance  instabilities  can  be 
designed. 

The  consideration  of  blade  elastic  couplings  in  the  BMR  design 
along  with  strength  requirements  dictated  the  geometric  proper- 
ties of  the  BMR  system,  particularly  the  fiberglass  flexbeams. 
This  arises  from  tire  fact  that  aeroelastic  stability  depends 
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* on  coupled  natural  frequencies  and  mode  shapes,  which  are  de- 

pendent on  the  spanwise  variation  of  mass  and  stiffness.  In 
addition,  loads  and  stresses  depend  on  the  spanwise  distribu- 
tions of  mass  and  stiffness,  the  material  selected  and  the 
major  cross-section  dimensions.  Finally,  the  control  system 
requirements  depend  on  the  spanwise  distribution  of  torsional 
rigidity  of  the  fl  exbeams,  as  well  as  the  inertia  and 
aerodynamic  pitching  moment  of  the  blade. 

These  factors  led  to  the  following  design  criteria  for  the  BMR: 

a.  The  BMR  was  to  have  no  pitch  bearings,  no  flap  hinge 
and  no  lag  hinge. 

b.  The  aeromechanics!  stability  of  the  baseline  B0-1Q5 

? aircraft  system  was  to  be  retained. 

c.  Chordwise,  flapwise  and  torsion  stiffness  and  mass 
distributions  would  be  selected  to  yield  current  B0- 
105  frequencies  at  425  rpra: 

1st  flap  = 1.12  per  rev 

1st  chord  = .70  per  rev 

2nd  flap  ‘ = 2.76  per  rev 

1st  torsion  = Greater  than  3.2  per  rev 

when  coupled  with  the  drive 
system. 

d.  All  BMR  components  were  to  be  designed  to  a minimum 
fatigue  life  goal  of  3600  hours  based  on  the  flight 
profile  specified  in  the  contract  Statement  of  Work. 
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e.  The  BMR  would  require  no  modification  to  the  BO-105 
control  system,  actuators  or  drive  system  components. 

f.  No  degradation  of  the  BO-105  flying  qualities  or 
performance  would  occur. 

g.  No  modification  to  the  BO-105  rotor  shaft,  meaning 
hub  moments  could  not  exceed  the  60,000  inch-pound 
endurance  limit. 


I 


32 


3.1.2  General  Description 

The  Bearingles3  Main  Rotor  system  is  shown  in  an  isometric  view 
in  Figure  3.1,  and  a photograph  of  the  flexbeam  and  hub  area  is 
presented  in  Figure  3,2.  Everything  above  the  conventional 
BO-105  rotor  shaft  is  included  as  part  of  the  BMR  rotor  system. 
Conventional  BO-1Q5  rotor  blades  have  been  modified  at  the  in- 
board end  to  attach  by  means  of  an  eight  inch  diameter  titanium 
clevis  to  a set  of  dual  fiberglass  beams.  The  fiberglass  beams 
are  made  of  3M-1002SF1  pre-impregnated  material,  and  are  basic- 
ally a Ochannel  cross  section.  The  beams  permit,  flapwise  and 
chordwise  bending  and  full  torsional  travel.  The  root  end  of 
the  beams  are  rigidly  bolted  to  a metal  hub  assembly.  Blade 
pitch  is  controlled  by  a filament  wound  torque  tube  which  is 
solidly  cantilevered  at  the  blade-to-beam  joint.  At  tbv  in- 
board end  it  is  supported  by  a rod  end  bearing  of  the  type  used 
in  helicopter  upper  control  assemblies.  The  pitch  arm  is  con- 
nected to  the  torque  tube  just  outboard  or  the  rod  end.  Thus 
motion  of  the  pitch  link  imparts  a torsion  moment  to  the  torque 
tube,  which  in  turn  pitches  the  blades. 

3.1.3  Stiffness  and  Geometry 

All  the  geometric  parameters  of  the  fiberglass  flekbeams,  such 
as  width,  height,  flange  and  web  thickness,  and  spacing  between 
the  beams  vary  along  the  52  inch  nominal  length.  A typica- 
cross  section  of  the  dual  beam  assembly  is  depicted  in  Figure 
3.3,  and  the  variation  of  the  section  geometry  with  span  is 
shown  in  the  same  figure.  Table  3.1  presents  the  same  informa- 
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tion  in  tabular  form,  along  with,  stiffness  and  mass  properties. 
The  root  end  connection  of  the  flexbeoms  to  the  hub  is  at  2.38% 
radius  station  and  the  outboard  boltr-7  connection  to  the  clevis 
is  at  25.5%  radius  (49.3  inches). 


The  spamri.se  distribution  of  flap  stiffness  is  y scented  in 
Figure  3.4.  In  Figure  3.5  the  spa  '.wise  distribution  of  chord 
stiffness  for  an  individual  beam  element  about  its  local  neu- 
tral axis  is  shown,  along  with  the  equivalent  single  beam  rep- 
resentation of  the  total  beam  assembly  chord  stiffness.  The 
torsional  stiffness  of  the  beam  assembly  is  represented  in 
Figure  3.6  as  the  spanwise  twist  distribution  resulting  from  a 
1000  inch-pound  applied  torsion  moment.  It  can  be  seen  that 
there  is  a significant  stiffening  effect  due  to  centrifugal 
force.  The  equivalent  torsional  stiffness  at  normal  rpm  is 
.32x10  lb, -in.  All  of  the  aforementioned  properties,  along 
with  several  other  parameters,  are  tabulated  in  Table  3.1.  In- 
cluded is  the  ECW  term,  which  is  the  warping  constraint  that 
resists  a component  of  the  applied  twisting  moment. 


The  BMR  maintains  the  1S3.37  inches  radius  of  the  BO-105.  The 
blade  attachment  pins  are  located  at  27.1%  radius  (52.36 
inches)  resulting  in  a modified  BO-105  blade  as  shown  in  Figure 
3.7.  With  the  beam  flexure  untwisted,  and  attached  to  the  hub 
at  an  inclination  of  12.5  degrees  nose  up,  the  blade  chord  line 
at  70%  radius  station  has  an  incidence  of  9.55  degrees  (the 
theoretical  cruise  collective).  The  blade  has  a built  in  2.5 
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degrees  tip  up  predrcop  at  the  clevis  attachment.  Table  3.2 
presents  the  mass  and  stiffness  distributions  of  the  blade  and 
clevis . 

3.1.4  Natural  Frequencies 

The  BMR  fully  coupled  natural  frequency  spectrum  is  given  in 
Figure  3.8.  These  modal  frequencies  were  identified  during 
static  shake  testing  and  from  spectral  analysis  of  rotating 
strain  gage  data  during  whirl  tower  testing.  The  first  flap- 
wise  and  chordwise  frequencies  are  nearly  identical  to  those 
specified  in  the  design  criteria.  The  second  flap  mode  is 
slightly  under  the  desired  frequency  at  425  r pm,  but  is  well 
placed  with  respect  to  the  integer  harmonics  and  the  second 
chord  frequency.  The  first  torsion  mode  placement  satisfies 
the  criterion  of  exceeding  3.2  per  rev  when  the  rotor  is 
coupled  to  the  drive  system.  The  second,  chord  frequency  is  of 
particular  interest.  During  the  design  phase,  the  second  chord 
mode  was  predicted  to  be  above  4 per  rev.  Nonrotating  bang 
tests  demonstrated  a frequency  closer  to  3 per  rev.  This  is  a 
result  of  the  chordwise  shear  mode  coupled  with  a single  beam 
bending  mode.  Fortunately,  when  coupled  with  the  drive  system 
the  second  chord  mode  falls  safely  below  3 per  rev  (2.72  per 
rev) . 
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Modified  BCM05  Slade 


FIGURE  3.1  THE  BEARINGLESS  MAIN  ROTOR  SYSTEM 
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DIMENSION  - INCHES 


FIGURE  3.3  FLEXBEAM  SECTION  GEOMETRY 


TABLE  3.1.  TABULATION  OF  BMR  PHYSICAL  PROPERTIES 
(Page  1 of  2) 


RADIAL 

am 

(XHS.) 

mmu 

w 

(zaa.j 

mien? 

a 

(XU3.) 

4.6 

2.875 

3.525 

5.3 

2.770 

3.526 

6.3 

2.600 

3.526  ‘ 

e.3 

2.280 

3.055 

10.3 

1.060 

2.583 

12.3 

1.720 

2.2756 

14.3 

1.650 

2.2182 

16.3 

1.650 

2.1608 

18.3 

1.650 

2.1034 

20.3  * 

1.650 

2.0460 

22.3 

1.630 

1.9836 

24.3 

1.650 

1,9312 

26.3 

1.650 

1.8738 

28.3  . 

1.650 

1.0164 

30.3 

1.650 

1.7S30 

32.3 

1.650 

1.7017 

34.3 

1.650 

1.6443 

36.3 

1.650 

1.5869 

38.3 

1.650 

1.5235 

40.8 

1.650 

1.4577 

42.3 

1.740 

1.6647 

44.3 

1.920 

1.6970 

46.3 

2.150 

1.8500 

fcrLams 

fcf 

(iui. ) 

t*nsa 

(X«I0«) 

8X* 

H JO** 
OA-ZH4) 

1.201 

1,250 

58,1600 

1.156 

2.713  • 

96.0550 

1.002 

2.336 

92.0356 

.035 

1.651 

60.0551 

.699 

1.056 

30,9167 

.593 

* .676 

19.5626 

.516 

.469 

16.6151 

.439 

.359 

14.2379 

.362 

.256 

11.7275 

.337 

*.182 

10.2690 

.311 

.140 

8.9609 

.286 

.126 

7.6557 

.236 

,126 

7.2890 

.286 

, 126 

6.7715 

.386 

.126 

6.2735 

.206 

.126 

5.7959 

• 206 

,126 

5.3369 

,266 

.123 

4.8974 

• 236 

• 126 

4,4774 

.266 

.126 

3.9733 

.304 

.126 

5.379 

.410 

.126 

7,7065 

.575 

2.130 

12.0540 

BZfl 


*« 

x 10“  * 

IO  it 

(LB-XHM 

(LB-IN*) 

(LB-Xti1) 

15.932 

sss.eseo 

44.351 

20.223  . 

392.3030 

74,521 

18.593 

•350.1850 

63.489 

10.617 

235.5783 

40.144 

5.379 

151.0927 

24,290 

3.1545 

104.713 

15,958 

2.673 

79.639 

12.358 

2.320 

66.083 

10.361 

1.949 

52.548 

8.401 

1.723 

46.903 

7.614 

1.520 

42.021 

6.934 

1.313 

38.041 

6.358 

1.249 

38.014 

6.349 

1.155 

37.975 

6.336 

1,072 

37.935 

6.322 

.989 

37.896 

6.309 

.909 

37.857 

6,236 

.833 

37.818 

$.202 

. 761 

37.778 

6.269 

.675 

37.729 

6.252 

1.009 

43.986 

7.241 

1.362 

71.2332 

11.276 

2.269 

135.6900 

2D. 659 

■Hff  V 

^ ■"* 


f 


39 


TABLE  3.1.  TABULATION  OF  BMP.  PHYSICAL  PROPERTIES 
(Page  2 of  2) 
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FIGURE  3-4  FLEX BEAM  FLAP  STIFFNESS  DISTRIBUTION 
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FIGURE  3.5  FLEXBEAM  CHORD  STIFFNESS  DISTRIBUTION 
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FIGURE  3.7  BMP.  AND  BO-105  ROTOR  BLADE  *• 
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TABLE  3.2.  MODIFIED  BO-105  BLADE  PROPERTIES 
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FIGURE  3 . 8 BUR  NATURAL  FREQUENCIES  ESTABLISHED  BY 
WHIRL  TOWER  TESTING 
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V>  3.1.5  Configuration  Changes  ; 

The  capability  to  vary  three  separate  structural  dynamic  char- 
acteristics of  the  rotor  system  was  incorporated  into  the  basic  j 

BMR  design.  New  pitch  links  wore  manufactured  with  axial  flex-  j 

ibility  to  create  a softer  control  springrate,  which  lowers  the  j 

first  torsic.'al  frequency.  The  ability  to  vary  sweep  was  in-  J 

eluded,  which  alters  the  flap-lag-torsion  coupling.  Elasto-  i 

meric  damping  material  was  purchased  which  changed  the  system  : 

structural  damping  level.  \ 

| 

In  addition  to  the  conventional  pitch  links  which  characterized  1 

t l 

those  used  on  the  BO-105 , an  alternate  design  was  fabricated.  I 

Th^  barrel  consisted  of  a 4130  steel  upper  and  lower  sleeve  } 

{ attached  by  lock  bolts.  The  lower  sleeve  incorporated  bell- 

ville  spring  washers  on  cin  end  plug  to  provide  axial  flexibil- 
ity. oil  impregnated  guide  bushings  were  used  to  accomodate 
the  movement  of  the  end  plug  within  the  bellville  washers.  The 
same  rod  end  fittings  as  the  baseline  pitch  links  were  used.  A 
photo  of  the  soft  pitch  links  is  shown  in  Figure  3.9.  After 
tile  wind  tunnel  test  a static  deflection  check  was  performed  to 
determine  the  pitch  link  stiffnesses.  The  results  are  given  in 
Figure  3.10. 

A relatively  simple  change  to  the  titanium  clevis  provided  the 
ability  to  vary  th^  sweep  angle  about  station  52.36  inches  from 
zero  degrees  to  2.5  degrees  aft.  At  both  blade  bolt  holes  in 
X clevis,  the  holes  were  enlarged  slightly  and  new  eccentric 
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bushings  were  installed.  When  the  bushings  are  rotated  182.5°,  ( 

aft  blade  sweep  of  2.5°  results.  The  details  of  the  hardware 
are  presented  in  Figure  3.11.  This  parameter  change  was  not 
tested  during  this  program  due  to  time  constraints. 

The  final  configuration  change  was  the  addition  of  elastomeric 
damper  strips  to  the  fiberglass  floras.  The  resulting  addi- 
tional  structural  damping  produced  a significant  increase  in 
modal  damping  during  the  wind  tunnel  test  program.  Each  damper 
strip  consists  of  a .02  inch  thick  layer  of  Lord  Kinematic  BTR 
VI  elastomeric  damping  material  sandwiched  between  a .01  inch 
thick  layer  of  fiberglass  cloth  reinforced  epoxy  and  a .08  inch 
thick  constraining  layer  of  graphite  reinforced  epoxy  laminate. 

One  each  of  these  strips  is  adhesive  bonded  to  the  inner  sur- 
face (upper  and  lower)  of  each  flexbeam  flange,  for  a total  of  ' ' 

16  strips  installed.  This  is  illustrated  in  Figure  3.12.  The 
change  in  stiffness  as  it  affected  modal  frequencies  is  dis- 
cussed in  the  stability  results  section  of  this  report.  Due  to 
the  uncontrolled  curing  environment,  some  portions  of  the  damp- 
ing material  debonded  during  subsequent  testing.  However,  this 
is  not  considered  to  have  invalidated  the  data  obtained. 
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FIGURE  3 * 9 REDUCED  STIFFNESS  FITCH  LINKS 
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FIGURE  3.10 
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FIGURE  3.11  DETAILS  OF  SWEEP  VARIATION  HARDWARE 
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BEAM  ASSEMBLY  - SIDE  VIEW 
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DAMPER  STRIP  PLANVIEW 


DAMPER  STRIP  INSTALLATION  - SIDE  VIEW 
FIGURE  3.12  DAMPER  STRIP  INSTALLATION  - 
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3.2  MATING  HARDWARE  AND  UPPER  CONTROLS 


F 

I 


3.2.1  Hiib  Adapter  and  Splined  Collar 

Some  interface  hardware  was  repaired  to  mate  the  BMR  hub  to  the 
Rotor  Test  Apparatus  (RTA)  rotor  shaft.  The  mating  hardware 
consists  of  the  hub  adapter  and  splined  collar,  as  pictured  in 
Figure  3.13.  On  the  upper  surface  the  hub  adapter  (Part 
SK.2S259-1 ) contains  holes  with  metric  threads  which  accept  the 
BMR  hub  studs.  These  hub  studs  attach  directly  to  the  flanged 
end  of  the  BO-105  rotor  shaft  on  the  aircraft.  On  the  lower 
. surface,  similar  metric  studs  were  used  to  attach  to  the 

splined  collar.  This  collar  (Part  SK28258-1)  has  flanges  which 
accept  the  metric  studs  from  the  hub  adapter.  At  the  lower  end 
of  the  collar,  lugs  are  provided  to  connect  with  the  rotating 
. scissors  links.  The  collar  has  an  internal  spline  to  fit  the 
external  spline  of  the  RTA  rotor  shaft.  It  is  secured  to  the 
shaft  with  a collar  retaining  nut  and  lock  washer.  Rotation 
with  respect  to  the  shaft  is  further  prevented  by  means  of  a 
lock  key  (Part  SK28267-1)  which  picks  up  a slot  in  the  collar 
and  has  teeth  v/hich  mesh  with  the  teeth  in  the  collar  retaining 
nut.  The  collar  assembly  is  located  with  respect  to  the  shaft 
by  means  of  the  existing  RTA  cone  sears. 

3.2.2  New  Upper  Controls  Hardware 

In  order  to  accomodate  the  required  BMR  control  motions  and 
phasing,  a new  swashplate  assembly  was  needed.  The  completed 
swashplate  assembly  as  installed  on  the  RTA  (Part  SK28260-1)  is 
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shown  in  Figure  3.14.  The  assembly  consists  of  the  following 
items:  stationary  and  rotating  rings,  bearing  retainer,  ball 
slider  retainer,  swashplate  bearing,  spacer  spring  and  ball  and 
socket  assembly.  The  swashplate  was  designed  to  provide  42.1 
degrees  of  total  blade  pitch  using  the  available  RTA  actuator 
stroke.  The  rotating  swashplate  ring  was  designed  to  accept 
the  RTA  ball  and  socket  assembly  and  spacer  spring,  made  avail- 
able  for  use  during  the  tes/t  by  NASA- Ames . The  stationary  and 
rotating  rings  were  fabricated  of  7075  aluminum  alloy.  The 
ball  slider  retainer  was  fabricated  to  capture  the  RTA  ball  and 
socket  assembly,  and  a bearing  retainer  holds  the  purchased 
BO-105  swashplate  bearing  in  place. 

The  rotating  swashplate  ring  is  driven  by  means  ol:  new  rotating 
scissors,  which  attach  to  the  splined  collar  (See  Figure  3.14) 
and  transmit  rotor  shaft  torque  to  the  swashplate.  These  drive 
links  (Part  SK28264-1)  are  comprised  of  an  upper  and  lower 
scissors  link  made  from  4340  stev  r.  The  stationary  ring  is 
restrained  from  rotation  with  respect  to  the  shaft  by  a sta- 
tionary link  assembly  (Part  SK28263-1)  which  connects  with  the 
RTA  attachment  link.  There  are  stationary  scissors  lugs  on  the 
RTA  transmission  upper  bearing  cap  and  on  the  stationary  swash- 
plate ring. 

The  swashplate  design  resulted  in  the  need  for  new  rod  end 
assemblies  (Part  SK28266-1)  to  connect  the  RTA  control  input 
rods  to  the  stationary  swashplate  ring.  The  various  combina- 
tions of  actuator  motion  provide  tilting  of  the  swashplate 
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about  its  horizontal  plane  (cyclic  motion)  as  well  as  pur® 
vertical  motion  (collective  motion).  The  rotating  swashplate 
riiig  is  attached  to  the  pitch  arm  by  pitch  links  (Part 
SK23268-1 ) . Because  of  the  differences  between  the  RTA  and 
BO-105  installations,  much  longer  pitch  link3  were  required  for 
this  program.  The  same  design  features  as  used  on  the  BO-105 
pitch  links  were  duplicated  for  this  test. 

3.2.3  RTA  Controls 

The  RTA  controls  are  operated  from  a remote  control  console. 
The  primary  control  system  consists  of  three  hydraulic  servo- 
mechanisms, an  electromechanical  actuator  tied  to  each  servo, 
and  a "walking  beam"  control  rod  linkage.  Inputs  originating 
at  the  remote  control  console  may  be  sent  to  the  actuators  in 
one  of  two  modes.  Separate  commands  may  be  given  to  each  actu- 
ator individually.  A second  option  is  for  an  electrically 
mixed  signal  resolved  into  collective  and  cyclic  commands  to  be 
sent  to  the  three  actuators  simultaneously.  The  signals  posi- 
tion the  hydraulic  servo  outputs,  which  drive  the  walking  beauts 
to  locate  the  final  stationary  swashplate  ring  position.  Any 
desired  precession  angle  may  be  set  so  that  cyclic  motion  will 
be  about  the  desired  control  axes. 

A modification  to  the  control  system  allows  for  discrete  pitch 
changes  about  the  nominal  blade  angle  position  established  by 
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the  primary  control  system.  At  the  pivot  point  of  the  lever 
arms  which  connect  the  primary  servos  and  the  stationary 
control  rods,  an  eccentric  Mechanism  driven  by  rotary  actuators 
perturbat.es  the  nominal  central  position,  to  provide  ramp  or 
oscillatory  pitch  inputs  at  a selected  frequency.  The  oscilla- 
tory input  may  be  swept-sine,  from  a function  generator  or  ran- 
dom noise  input.  The  input  may  be  through  collective  pitch, 
longitudinal  cyclic  or  lateral  cyclic.  An  additional  option  is 
to  command  a dynamic  input  through  the  nutation  control  system. 
The  longitudinal  arid  lateral  cyclic  inputs  are  electrically 
combined  to  produce  a signal  which  wobbles  the  swashplate  to 
simulate  stick  whirl  by  the  pilot  at  a specified  frequency. 

3.2.4  Description  of  the  RTA 

The  Rotor  Test  Apparatus  (RTA)  is  shown  in  Figure  3.15  mounted 
in  the  NASA- Ames  40-by-80  foot  wind  tunnel  with  the  32.23  foot 
diameter  BMR  system  installed.  The  RTA  fuselage  is  an  A-frame 
structure,  enclosed  within  a sheet  aluminum  aerodynamic  fair- 
ing. The  structural  steel  I-beam  framework  provides  a rigid 
base  for  mounting  the  transmission  and  drive  motors,  and  secur- 
ing to  the  wind  tunnel  main  and  tail  strut  attachments.  The 
non-structural  fairing  is  supported  by  forms  from  the  A- frame. 
Work  platforms  in  the  form  of  "clamshell"  doors  are  provided  on 
either  side  cf  the  transmission,  hinged  at  the  fuselage  sides 
and  latched  at  the  top. 
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The  RTA  is  powered  by  two  const ant- torque,  variable  frequency 
electric  motors  rated  at  1500  horsepower  each.  The  motor  oper- 
ating spaed  range  is  0 to  3000  rpm,  and  the  motor  is  water 
cooled.  A drive  shaft  connects  the  two  motors,  which  transmits 
the  power  of  the  aft  motor.  Flexible  couplings  allow  for  mis- 
alignment. A second  drive  shaft  connects  the  forward  motor  to 
the  transmission,  and  transmits  the  power  of  both  motors  when 
in  use.  Flexible  couplings  are  also  used  for  misalignment  on 
this  drive  shaft. 

The  transmission  is  a spiral  bevel-helical  gear  speed  reducer. 
The  transmission  gear  ratio  is  6.9:1,  and  at  toe  maximum  input 
rpm  the  tandem  motor  installation  provides  3000  horsepower  at 
437  output  rpm.  The  one  piece  rotor  shaft  has  a three  inch 
diameter  hole  for  carrying  instrumentation  leads  from  the  rotor 
hub  to  the  slip  ring  unit  mounted  below  the  transmission.  The 
transmission  is  lubricated  by  a forced  oil  lubrication  system 
with  electric  motors  driving  oil  pressure  and  scavenge  pumps. 
Hydraulic  pressure  to  the  controls  is  maintained  by  electric- 
ally driven  on-board  pumps.  ' All  hydraulics  have  independent 
double  stages. 

The  RTA  is  mounted  cn  three  struts  mounted  on  a turntable.  The 
model  pitch  angle  is  varied  by  changing  the  height  of  the  tail 
strut.  The  two  forward  struts  remain  fixed  throughout  the 
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test.  Vaw  angle  is  achieved  by  rotating  the  turntable.  Each 
' 10  £itteii  llth  m aerodynamic  fairing.  Model  power 

' " “d  hytte,ulite  «»  routed  through  the  strut*  to  the  bta. 

3.2.5  40-by-eo  Tunnel  Description 

The  UhSA-Ames  40-by-eo  foot  wind  tunnel  is  a closed  circuit  air 

-ecuio  Wipe  tunnel.  A cross-section  at  the  test  section  is 

presented  in  Figure  3.16.  The  air  a • 

lfte  air  1G  driven  by  six  40-foot 

diameter  fans  which  are  each  driven  by  a 5000  horsepower  elec- 
tric motor.  The  tunne!  can  operate  at  any  speed  up  to  appro*, 
rmately  200  knots  and  at  Reynold's  numbers  up  to  2x:.o6  per  foot 
at  standard  atmospheric  conditions.  When  the  test  section 

doors  are  open,  a clear  opening  73.5  feet  by  49  feet 

is  available  for  model  entrv  am  ^ . 

. , ^ * A 35  to«  hoist  is  available  for 

lifting  models  into  the  tynnoi  * 

to  the  tunnel,  a floating  frame  balance  is 

used  to  measure  the  six  components  of  forces  and  moments  on  the 

»>y  ^ locked  (fore  and  aft  and  lat- 
erally, using  a hydraulic  snubbing  system  to  protect  the  bal- 
ance during  large  oscillatory  load  conditions.  addition, 

eight  balance  dampers  msv  hr*  ***  ^ , 

P "ay  be  ddaed  <«r  removed)  to  alter  the 
system's  dynamic  response  characteristics. 
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FIGURE  3.1L  CROSS -SECTION  OF  NASA-AMES  40-3Y-80  FOOT  WIND  TUNNEL 


4 . 0 HARDWARE  DESIGN  MD  ANALYSIS  - STRUCTURAL  INTEGRITY 


4.1  BMR  HARDWARE 

The  structural  integrity  of  the  BMR  was  demonstrated  by 
analysis , bench  fatigue  testing  and  whirl  testing.  Positive 
margins  in  fatigue,  limit  and  ultimate  loading  conditions  were 
obtained  in  the  analysis.  The  fatigue  design  condition  was  a 
1.6g  steady  turn  at  100  knots  for  normal  gross  weight.  A 
fatigue  life  greater  than  3600  hours  was  projected  for  all  BMR 
components . 

Bench  fatigue,  limit  and  ultimate  tests  were  conducted  as 
reported  in  Reference  4.  All  components  were  subjected  to  at 
least  2.55xl06  cycles  of  fatigue  loading.  Run-outs  were 
achieved  in  all  cases,  and  the  demonstrated  fatigue  lives  based 
on  a specified  flight  spectrum  are  given  in  Figure  4.1.  Budget 
and  time  constraints  precluded  a demonstration  of  3600  hours 
life  for  the  beams  and  torque  tubes,  but  it  is  felt  that  for 
higher  applied  loadings  these  items  also  would  show  fatigue 
lives  greater  than  3600  hour's.  Limit  and  ultimate  rests  were 
conducted  without  failures. 

The  BMR  hardware  structural  integrity  was  also  verified  on  the 
whirl  tower.  A thorough  loads  survey  on  the  rotor  and  BO-105 
control  system  was  conducted  over  a thrust  range  from  zero  up 
to  limits  defined  by  rotor  torque  requirements.  At  normal  (425 
rpm)  rotor  speed  and  at  110  percent  overspeed,  loads  were  mea- 
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sured  at  positive  and  negative  cyclic  pitch  settings  until 
rotor  shaft,  beam  flexure  or  torque  tube  bending  limits  were 
reached.  Extensive  strain  gage  instrumentation  provided  loads 
data . 

To  assess  tbs  integrity  of  the  system  under  prolonged  loading 
conditions,  the  rotor  was  whirled  for  6.5  hours  with  loads  in 
the  most  critical  components  at  their  endurance  limits.  At  its 
uneventful  conclusion,  an  overspeed  test  to  125  percent  of 
normal  operating  rpra  was  conducted. 

A subsequent  teardewn  inspection,  in  which  extensive  non- 
destructive methods  were  used  (e.g. , X-ray,  magnaflux  and 
visual),  revealed  on1’"  minor  fretting  in  the  metal  hardware 
which  required  minimu  refurbishment  prior  to  flight  testing. 

4.2  ADAPTER  HARDWARE  AND  UPPER  ROTOR  CONTROLS 
The  structural  integrity  of  the  new  hardware  fabricated  for 
this  test  program  was  verified  strictly  by  analysis.  The  pri- 
mary strength  criterion  for  fatigue  was  to  compute  operating 
margins  of  safety  using  conservative  loads  predictions  and 
conservative  design  allowables.  In  computing  the  operating 
margin  of  safety,  75%  of  the  analytical  endurance  limit  was 
used  as  an  additional  conservatism.  Positive  fatigue  margins 
were  found  in  all  cases  except  for  the  basic  ring  section  of 
the  rotating  swashplate  ring,  and  for  the  bearing  retainer. 
However,  when  the  maximum  loads  actually  encountered  in  the 
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test  program  are  used  in  place  of  the  very  conservative  loads 
used  for  these  two  items,  the  fatigue  margins  would  be  positive 
for  both  parts.  For  limit  strengths,  2/3  of  ultimate  strength 
was  used  with  no  plasticity  considered.  All  components  demon- 
strated limit  strengths  at  lea3t  three  times  greater  than  maxi- 
mum expected  loads  except  the  pitch  link  (both  the  standard 
and  "soft*1  links),  which  was  twice  the  expected  load. 

During  the  test  program,  the  actual  loads  as  a percentage  ot 
endurance  and  limit  loads  were  monitored  to  insure  safe 
operation  and  inspections  were  performed  before  and  after  each 
run.  Following  the  completion  of  the  program,  a thorough 
inspection  verified  that  no  damage  was  incurred  by  the  adapter 
hardware  or  upper  rotor  controls. 


4,3  ROTOR  TEST  APPARATUS 

No  formal  analysis  was  performed  of  the  impact  of  the  BMR  loads 
on  the  RTA  strength.  A comparison  of  the  BMR  loads  with  those 
of  some  much  bigger  rotors  tested  on  the  RTA,  such  as  the  H-34, 
indicated  that  the  loads  transmitted  to  the  RTA  would  be 
considerably  lower  than  those  it  was  designed  to  handle. 
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’CONSERVATIVE  LI  EE  ESTIMATE  FROM  RUNOUT 
OBTAINED  FROM  UNCOMPLETED  TEST 


FIGURE  4.1  FATIGUE  LIVES  0*  THE  COMPONENTS 
DEMONSTRATED  BY  BENCH  TESTING 
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5 • 0 DATA  acquisition  system 

5.1  INSTRUMENTATION 

To  obtain  loads,  stress  and  dynamic  data,  the  four  beams,  two 
blades  and  other  significant  rotating  components  were  strain 
gaged.  In  addition  to  the  instrumentation  on  the  rotating 
hardware;  data  acquired  included  stationary  control  loads,  RTA 
accelerations,  steady  balance  loads,  control  positions  and 
tunnel  operating  conditions. 

An  adapter  plate  located  at  the  top  of  the  rotor  head,  a slip 
ring  assembly,  terminal  strips,  lead  wires  and  connectors 
provide  the  necessary  links  between  the  transducers  and  data 
acquisition  equipment  for  each  channel  of  measurement. 

5.1.1  Rotor  Instrumentation 

Two  blades  and  the  four  fiberglass  beam  assemblies  were 
instrumented  with  strain  gages  of  10C0  <'hms  resistance.  Use  of 
the  1000  ohm  gages  permits  a higher  bridge  voltage  to  be 
applied,  thereby  improving  channel  sensitivity  and  compensating 
for  the  reduction  due  to  the  poor  he^.t  dissipation 
characteristics  of  fiberglass.  Bridge  completion  networks  for 
absolute  strain  measurements  were  installed  close  to  the  active 
strain  gage  with  3 wires  from  the  gage  to  eliminate  any  lead- 
wire  effect.  Since  ail  strain  measurements  were  made  into  a 
completed  4-arm  bridge  at  the  gage  location,  the  signal 
conditioning  equipment  did  not  require  bridge  completion 
capability. 
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The  rotor  instrumentation  for  two  flexbeam  assemblies  consisted 
of  flap  and  chord  bending  bridges  on  the  individual  beams  at 
several  span  locations,  as  well  as  flap  and  chord  bending 
bridges  at  two  span  locations  on  the  blades  and  one  torsion 
bridge.  Instrumentation  on  the  leading  beam  of  a flexbeam 
assembly  is  referred  to  as  on  Beam  A and  on  a trailing  beam  as 
Beam  B.  In  addition,  total  beam  flap,  chord  and  torsion 
bridges  were  located  at  one  span  station  for  all  four  flexbeam 
assemblies . The  torque  tube  was  instrumented  to  monitor 
flapwise  and  chordwise  bending,  as  well  as  torsion  in  the 
torque  tube.  Two  of  the  pitch  links  were  instrumented  to 
measure  control  system  loads.  The  rotor  shaft  was  instrumented 
in  the  area  above  the  swashplate  to  measure  the  torque  in  the 
r<“*or  head  assembly.  Appendix  A presents  a complete  list  of 
the  rotor  instrumentation,  including  gage  locations,  engineer- 
ing units,  positive  signal  direction,  calibration  data  and 
filter  settings. 

5.1.2  Additional  Measurements 

Instrumentation  in  the  fixed  system  consisted  of  six  stationary 
swashplate  ring  absolute  gages,  stationary  control  rod  and 
actuator  loads,  and  nine  RTA  accelerometers.  In  addition,  the 
six  components  of  model  aerodynamic  forces  and  moments  were 
recorded  using  the  "floating  frame"  system  of  balances 
comprising  the  Static  Force  System.  (More  complete  information 
on  the  Static  Force  System  is  found  in  Reference  10.) 
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The  rotor  control  positions,  including  collective  pitch, 
longitudinal  cyclic  and  lateral  cyclic,  were  monitored  at  the 
rotor  control  console  using  feedback  signals  from  the  actuator 
servos.  Other  data  included  rotor  speed  (measured  using  the 
phototach  signal)  and  shaft  angle.  Tunnel  conditions  such  as 
velocity  and  temperature  were  also  monitored  continuously  and 
recorded. 

5.1.3  Wiring  Connectors  and  Slip  Ring 

The  strain  gages  were  connected  to  the  slip  ring  directly 
through  v?ire  bundles  with  connectors  provided  at  the  top  of  the 
BMR  hub.  The  adapter  plate  formerly  used  to  mount  the  BMR 
instrumentation  canister  v-as  modified  to  provide  mounting 
brackets  for  the  connectors  which  mate  the  strain  gage  and  slip 
ring  wiring. 

The  slip  ring  provided  a method  whereby  electrical  power  was 
supplied  for  excitation  of  the  transducers,  and  low  level 
signals  were  returned  to  the  data  recorders  while  the 
instrumented  components  were  in  a rotating  operational  mode.  A 
one  to  one  correspondence  existed  between  the  input  and  output 
connectors.  The  slip  ring  was  located  at  the  bottom  of  the 
gear  box  and  driven  by  the  rotor  shaft.  The  "Rota-Switch"  and 
the  256/rev  generator  were  located  at  and  driven  by  the  lower 
part  of  the  slip  ring  assembly.  Consisting  of  1S2  stacked 
brush  and  ring  assemblies,  the  design  of  this  unit  was  such 
that  electrical  noise  from  brush  and  ring  contact  was  mini- 
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5.2  ON-LINE  MONITORING  AND  DATA  ANALYSIS 
The  40-by-80  data  system  is  a. computer  based  system  which  can  be 
operand  m either  an  on-line  mode,  or  a stand  alone  with  batch 
processing  mode.  It  consists  of  the  following  major  subsystems: 
Dual  Dec  11/70  Computers  (Data  Gathering  Processor- 
BGr  and  Realtime  Executive  Processor  ♦*  PJSP) 
Static  force  system 
Control  console 
Special  instrument  system  (si) 

Dynamic  recording  system  (DBS) 

Dynamic  analysis  system  (DAS) 

Transducer  conditioning  system  (TCS) 

High  speed  data  acquisition  system  (HSDAS) 

Display  system 

Closed  circuit  television  system 
Acoustic  recording  system 
On  board  multiplexing  system 
Reference  Pressure  system 

The  instrument  subsystems  in  the  control  room  are  connected  to 
the  model  via  a general  patch  panel,  permanently  installed 
cables  to  junction  boxes  on  the  tunnel  balance  frame,  and  from 
there  to  the  model.  A schematic  of  the  40-by-8G  data  system  is 
presented  in  Figure  5,1.  a detailed  description  of  the  40-by- 
80  data  system  is  contained  in  Reference  10. 
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FIGURE  5.1  SCHEMATIC.  OF  THE  40-BY-80  WIND  TUNNEL  DATA  SYSTEM 
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Signals  from  the  rotor  transducers  are  first  transmitted  from 
the  slip  ring  and  RTA  patch  panel  to  the  High  Speed  Data 
Acquisition  System  (H5DAS)  and  Transducer  Conditioning  System 
(TCS).  The  TCS  supplies  DC  excitation,  bridge  completion  when 
required,  bridge  balancing,  shunt  resistor  calibration  (RCAL) 
and  extern. 1 excitation.  The  transducers  are  connected  to  this 
system  through  the  system  patch  panel.  The  HSDAS  consists  of 
sixty  Newport  70A-4  amplifiers,  a Xerox  Data  Systems  sample  and 
hold  amplifier  per  channel,  XDS  64  channel  multiplexer  and  XDS 
±14  bit  analog  to  digital  converter.  This  system  is  interfaced 
to  the  computer  and  cannot  operate  in  a stand  alone  mode. 


From  the  HSDAS  the  signal  from  each  transducer  channel  may  be 
routed  to  one  or  more  of  three  possible  sources.  The  signal 
may  be  directed  to  the  Dynamic  Analysis  System  (DAS).  The  sys- 
tem is  primarily  used  in  a stand  alone  mode  for  data  acquisi- 
tion/analysis and  test  conductance.  It  consists  of  a 32  chan- 
nel analog  conditioning  element  which  can  be  sampled  at  rates 
up  to  200  KHz.  The  primary  use  of  the  DAS  is  to  perform  one  or 
more  of  the  follov/ing  operations  on  selected  channels:  Fourier 
or  Inverse  Fourier  transforms,  auto  power  spectrum,  auto  or 
cross  correlation,  histograms,  transfer  or  characteristic  func- 
tions, or  any  special  programmed  function  such  as  moving  block 
analysis . 
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Additionally,  any  signal  from  the  HSDAS  may  be  routed  through 
filters  to  other  on-line  monitoring  equipment.  This  consists 
of  a Cathode  Ray  Oscilloscope  (CRO)  with  the  capability  to  dis- 
play continuous  time  histories  of  up  to  8 channels,  two  Oscill- 
ograph Recorders  (OCR)  with  a capacity  to  provide  a permanent 
record  of  the  time  history  traces  of  up  to  18  channels  each, 
and  a Peak  Detection  System  (PDS)  which  displays  up  to  50 
channels  of  data  as  a percentage  of  a'  prescribed  limit  value 
either  in,  the  peak  or  one-half  peak-to-pe&k  mode.  The  PDS  can 
provide. a paper  tape  record  of  the  values  at  any  time  and  has 
an  alarm  mode  when  a prescribed  limit  is  reached  on  any 
channel.  There  are  also  ten  digital  panel  meters  (DPM)  which 
display  the  signals  from  ten  channels  in  counts  or  volts,  and 
the  information  from  these  channels  may  be  directed  to  the  CRT 
for  display.  All  the  channels  are  also  recorded  on  the  Dynamic 
Recording  System  (DRS) . This  system  provides  for  the  recording 
of  56  channels  of  analog  data,  one  channel  of  time  code,  two 
channels  of  PCM  data,  two  channels  of  timing  data  and  one 
channel  of  miscellaneous  data  on  a 14  track  magnetic  tape. 
These  signals  are  conditioned  by  amplifiers  in  the  HSDAS.  The 

DRS  tapes  may  be  processed  following  the  test  as  an  additional 
method  of  data  analysis. 

The  third  route  of  signals  from  the  HSDAS  is  to  the  Data 
Gathering  Processor  ( DGP ) . Scale  data  and  special  instrument 
data  (data  from  the  digital  panel  meters,  the  dangelometer,  yaw 
readout  and  barometer)  which  has  been  processed  by  the  data 
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management  unit  portion  of  the  On-Board  System  (OBS)  joins  the 
selected  dynamic  data  from  the  HSDAS  at  the  DGP.  Operated  from 
a keyboard  at  the  control  console,  the  DGP  is  centered  around  a 
DEC  11/70  unit,  magnetic  tape  units  and  a CRT  display.  The  data 
which  has  been  gathered  may  be  displayed  on  the  CRT  for  test 
conductance,  written  onto  magnetic  tape  for  post- test  processing 
by  the  NASA-Aiaes  IBM  360  computer,  or  put  on  disk  storage  for 
use  by  the  Realtime  Executive  Processor  (REP).  The  REP  is  used 
to  process  important  high  speed  channels  and  static  data  follow- 
ing each  run  to  provide  a quick  look  at  the  data.  This  is  use- 
ful for  evaluating  data  quality  and  test  results  and  for  deci- 
sion making  in  conducting  the  test. 

5.3  POST-TEST  DATA  REDUCTION 

At  the  conclusion  of  the  test,  the  final  reduced  test  da^a  is 
produced.  The  tare  runs  are  revievred  and  the  selection  of 
appropriate  hub  tares  for  each  run  is  made.  A final  listing  of 
all  static  data  for  each  run  is  produced.  This  consists  of 
aerodynamic  coefficients  and  loads  obtained  from  the  scale 
data,  tunnel  condition  information,  and  model  conditions  such 
as  shaft  angle,  yaw  angle,  collective  pitch  and  cyclic  angles, 
and  rotor  speed. 

For  each  channel  of  dynamic  data,  the  inputs  required  to  com- 
pute engineering  units  from  the  raw  signals  are  reviewed. 
These  include  static  tare  values,  RCAL  data,,  gains  and  filter 
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settings.  Those  runs  or  test  points  where  a particular  signal 
was  bad  are  identified.  When  all  the  inputs  have  been  veri- 
fied, the  dynamic  data  is  processed  to  give  the  final  listing 
of  high  spaed  data.  For  each  run  and  test  point  for  evevy 
channel , this  consists  of  a harmonic  analysis  (10  harmonics), 
smoothed  and  averaged  mean,  RMS  and  half  peak-to-peak  data, 
magnitude  versus  frequency  plots,  and  time  histories  for  3 

revolutions  plus  an  average  waveform  adjusted  for  filter  set- 
tings . 


V 
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6 . 0 TEST  PROCEDURES 

6 . 1 GENERAL  APPROACH 

The  basic  procedure  used  throughout  this  test  program  was  to 
sat  a particular  trim  condition,  record  steady-state  loads  and 
performance  data,  then  excite  the  rotor  through  the  Dynamic 
Control  System  and  compute  the  modal  damping  at  that  condition. 
To  insure  that  no  aeroeiastic  instability  or  excessive  load 
condition  was  encountered,  careful  utilization  of  pretest 
predictions  and  on-line  monitoring  of  data  was  employed.  The 
critical  safety  instrumentation  was  monitored  at  all  times,  and 
a continuous  log  was  made  of  the  growth  cf  specific  parameters 
as  test  conditions  were  changed.  In  this  manner  it  was  possible 
to  predict  at  what  point  limits  would  be  reached  or  exceeded 
and  prevent  severe  damaging  conditions . 

The  test  plan  was  structured  so  that  for  each  series  of 
stability  data  points,  the  test  proceeded  in  the  direction  of 
decreasing  stability.  As  each  stability  data  point  was  taken, 
the  modal  damping  was  computed  and  plotted  against  predicted 
values  so  that  the  trend  could  be  seen  and  an  evaluation  of  the 
stability  at  the  next  planned  test  condition  could  be  made.  If 
indications  were  that  the  next  point  would  have  damping  less 
than  1%  fixed  system  critical  damping,  a new  test  condition 
could  be  selected. 


6.2  LOADS  AND  PERFORMANCE  TESTING 

After  the  initial  hub  tare  runs  and  track  and  balance  verifi- 
cation, the  procedures  described  here  were  followed  for  loads 
and  performance  testing.  A detailed  pre-run  series  of  inspec- 
tions and  checklists  were  performed  on  the  BMR  rotor  and  con- 
trols hardware,  the  RTA,  the  rotor  console  and  control  system, 
tunnel  motor  operation,  data  monitoring  equipment  and  instru- 
mentation. When  the  model  and  tunnel  were  secured,  a zero 
point  was  taken  with  zero  shaft  angle,  9.6°  collective  pitch 
and  zero  cyclic  input. 

To  start  the  rotor,  the  controls  were  set  for  a shaft  angle 
of  -10  degrees  and  a moderate  collective  pitch  angle,  usually 
4°  or  8°.  Then  the  rotor  was  brought  up  to  the  desired  rpm, 
going  rapidly  through  the  240  rpm  to  325  rpm  region  where  the 
first  chord  mode  crosses  both  the  one  per  rev  and  the  first 
flap  mode.  As  this  is  being  done  the  rotor  console  operator  is 
continuously  adjusting  cyclic  pitch  to  maintain  zero  one  per 
rev  flapping.  The  flap  bending  moment  at  station  14.25  inches 
was  used  as  the  measure  of  one  per  rev  flapping.  The  signal 
from  one  flexbeam  was  fed  through  electronics  in  the  rotor 
control  console  which  resolved  the  flap  moment  into  its  steady, 
one  per  rev  sine  and  one  per  rev  cosine  components.  The  signal 
was  not  calibrated  for  the  actual  value  of  flapping,  but  since 
station  14.25  inches  is  inboard  of  the  effective  flap  hinge 
zero  flap  moment  was  assumed  to  indicate  minimum  flapping. 
Once  the  rotor  reached  the  desired  rotor  speed,  adjustments 
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were  made  to  the  shaft  angle  and  collective  settings  to  mini- 
mize loads  as  the  tunnel  was  brought  to  the  desired  velocity. 
When  the  desired  tunnel  speed  was  attained,  the  rpm,  shaft 
angle  and  collective  were  adjusted  to  reach  the  first  test 
point,  and  a steady-state  loads  and  performance  data  point  was 
taken . 


Specific  procedures  were  established  to  insure  safe  operation 
away  from  both  leads  and  stability  problems.  Figure  6.1  shows 
the  test  boundaries  which  were  established  due  to  model  control 
limits,  clearances,  power  limits  and  stability  requirements. 
Reference  11  presents  the  vibratory  and  vibratory  plus  steady 
load  limits,  as  well  as  actions  which  were  to  be  taken  if  any 
limit  was  exceeded.  Careful  attention  to  these  procedures  in 
the  areas  of  damage  count  analysis  and  visual  inspections  during 
the  test  permitted  operation  at  various  load  levels  with  confi- 
dence that  the  structural  integrity  of  the  system  was  not  being 
compromised.  Finally,  procedures  for  changing  tunnel  speed, 
rpm,  collective  pitch  angle  and  shaft  angle  were  defined  as  to 
the  proper  order  for  varying  each  item  so  that  safe  load  levels 
and  stability  margins  could  be  maintained. 

One  type  of  loads  and  performance  testing  used  a slightly  dif- 
ferent procedure.  This  was  the  lg  flight  testing.  To  simulate 
level  flight  in  the  BO-105  aircraft,  the  rotor  was  brought  to 
4^5  rpm  and  the  tunnel  set  to  the  desired  forward  speed.  Then 
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TEST  RPM 
VELOCITY  (KNOTS) 

COLLECTIVE  PITCH  (DEGREES) 
SWEEP  (DEGREES) 


335  TO  437 
0 TO  165 
-.2  TO  15.8 
0 TO  2.5  AFT 


FIGURE  6.1  TESTING  BOUNDARIES 


collective  pitch  wa3  adjusted  to  maintain  Cj/a  = *072.  Next 
thv  shaft  angle  was  varied  until  the  rate  of  descent  was  zero, 
based  on  a nominal  rotor  effective  flat  plate  drag  area  (Eg)  of 
14.5  square  feet.  Longitudinal  and  lateral  cyclic  were 
adjusted  to  attain  • the  predicted  aircraft  pitch  and  roll 
moments  necessary  to  tr:sn  the  BO-IOS/BMR.  Finally,  collective 
pitch,  shaft  angle  and  cyclic  pitch  were  fine  tuned  since 
there  is  cross-coupling  among  the  trim  requirements.  Wlien 
trim  was  established,  a steady-state  data  point  was  taken. 

6.3  STABILITY  TESTING 

6.3.1  Dynamic  Characteristics  of  the  BMR/RTA 
The  potential  for  reduced  damping  or  even  .insta*  iiities  exists 
when  the  lead-lay  regressing  rotor  mode  frequency  coalesces  with 
a body  mode  frequency  of  the  RTA.  Figure  6.2  shows  the  varia- 
tion of  the  BMR  lead-lag  regressing  mode  frequency  with  rotor 
speed.  This  figure  shows  the  RTA  mode  frequencies  of  interest 
for  configurations  with  wind  tunnel  balance  dampers  installed 
and  removed.  RTA  body  mode  frequencies  are  from  Reference  10. 
With  the  balance  dampers  installed,  a potential  for  instability 
exists  at  about  420  rpm  and  at  about  455  rpm.  RTA  body  mode 
frequencies  change  when  balance  dampers  are  .removed,  and  rotor 
speeds  for  potential  instability  are  expected  at  about  400  and 
430  rpm. 
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6.3.2  Stability  Predictions  for  the  BMR/RTA 

6. 3. 2.1  Predicted  Stability 

The  BMH/KTA  was  modeled  analytically  using  Boeing  Veitol's  090 
aeroelastic  stability  analysis  program;  this  program  is  dis- 
cussed in  more  detail  in  Sections  7.1.1  and  7.2.1.  The  specific 
prediction  results  determined  prior  to  testing  in  the  NASA  Ames 
40-by-aO  foo:-  wind  tunnel  are  shown  in  Figures  6.3  through  6.14. 
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Figure  6.3  shows  the  expected  damping  level  versus  rotor  speed 
for  a startup  at  zero  thrust  (approximately  zero  collective 
pitch  at  70  percent  radius);  this  is  expected  to  he  the  collec- 
tive pitch  for  lowest  damping.  The  stability  level  is  shown  in 
terms  of  time  to  half  amplitude,  amplitude  decay  rate,  and  fixed 
system  critical  damping  ratio.  In  this  report,  aeroelastic 
stability  mode  damping  ratios  will  be  expressed  in  terms  of 
fixed  system  damping  ratio,  i.e.,  the  damping  at  the  lead-lag 
regressing  frequency.  Results  in  Figure  6.3  are  for  8 balance 
dampers  installed  and  for  long  struts  (these  were  the  struts 
used  to  support  the  RTA  during  BMR/RTA  testing).  All  analyti- 


cal predictions  are  based  on  the  assumption  of  no  blade  struc- 
tural damping.  As  rotor  speed  increases,  damping  is  expected 
to  increase  until  about  200  rpm.  Damping  is  then  expected  to 


decrease  gradually  until  above  500  rpm  except  for  a predicted 
damping  reduction  at  about  470  rpm  due  to  a body  mode/ lead-lag 
regressing  mode  coalescence.  However,  the  maximum  possible  test 
rotoi  speed  is  437  rpm  so  that  this  reduction  in  damping  at 
about  470  rpm  could  not  occur  during  BMR/RTA  testing.  The  rotor 
speed  test  range  where  BMR/RTA  damping  was  obtained  was  335  to 
437  rpm. 
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Figure  6.4  shows  th « predicted  effect  of  removing  wind  tunnel 
. balance  dampers;  predicted  damping  is  shown  versus  rotor  speed 
in  hover  (sse ro  wind  tunnel  speed).  Without  balance  dampers, 
damping  is  predicted  tc  be  reduced  to  about  0.4  percent  critical 
at  423  rpra  and  to  -1  percent  critical  at  468  rpm.  These  are 
rotor  speeds  where  coalescences  of  the  RTA  body  mode  frequencies 
and  the  BMP.  lead-lag  regressing  mode  frequency  occurs.  At  other 
rotor  speeds,  damping  is  expected  to  be  identical  with  and  with- 
out balance  dampers. 

Figures  6.5  through  6.9  show  predicted  effects  of  airspeed, 
rotor  speed,  collective  pitch  and  shaft  angles  on  damping. 
Predictions  are  generally  for  all  balance  dampers  installed, 
rotor  speeds  from  340  to  437  rpra,  collective  pitch  from  0 to  ±2 
degrees,  airspeeds  irom  0 tc  180  knots,  and  shaft  angles  from  0 
to  -6  degrees.  Predictions  generally  indicate  increasing 
damping  with  increasing  collective  pitch  (with  maximum  v«lue» 
near  10  degrees),  and  decreasing  damping  with  increasing  rotor 
speed.  Damping  was  not  expected  to.  be  sensitive  tc  shaft  angle 
at  constant  wind  tunnel  velocity,  rotor  speed,  and  collective 
pitch.  With  other  variables  constant,  damping  was  expected  to 
increase  with  airspeed  from  hover  to  60  knots,  then  decrease  ;t 
100  knots,  and  then  increase  for  airspeeds  up  to  130  knots. 
Predicted  damping  levels  in  Figures  6.5  through  6.9  were  inter- 
polated to  obtain  predicted  damping  levels  at  planned  test 
conditions  (Ref.  11).  A typical  result  is  shown  in  Figure  6.10 
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Figures  6.11  and  6.12  show  predicted  damping  versus  airspeed 
and  shaft  angle  at  zero  and  4500  pounds  thrust,  respectively. 
Results  in  these  two  figures  are  for  425  rpm  rotor  speed. 

Figures  6.13  and  6.14  show  predicted  effects  of  varying  blade 
structural  damping  and  blade  sweep.  Testing  was  conducted  f^r 
a blade  chord  mode  structural  damping  variation.  Hardware  was 
available  for  conducting  a blade  sweep  variation,  but  due  to 
time  limitation  in  the  wind  tunnel , the  sweep  variation  was  not 
tested. 

6. 3. 2. 2 Use  of  Stability  Predictions  During  Testing 

Prior  to  conducting  a particular  test  sequence,  predicted 
stability  data  ware  plotted  for  the  specific  planned  test 
conditions.  As  the  test  sequence  progressed,  test  values  of 
damping  data  were  computed  and  plotted  cn  the  same  graph  with 
expected  (predicted)  damping  to  determine  whether  magnitudes 
and  trends  of  damping  levels  were  as  expected.  Figure  6.15 
shows  test  and  expected  damping  results  for  the  first  run  made 
wi tlx  the  BMR/RTA  with  rotor  blade.*  installed. 

6.3.3  Stability  Test  Procedures 

Two  general  methods  were  considered  for  determining  BMR/RTA 
aeroelastic  stability  levels.  One  was  the  moving  block  method 
(Reference  13)  and  the  other  was  the  instrumental  variable 
method  (Reference  14).  The  first  method  (discussed  in  more 
detail  below)  determines  damping  levels  from  a decaying  signal. 
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FIGURE  6.2  BMR  LEAD -LAG  REGRESSING  MODE  AND  RTA 
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FIGURE  6.3  PREDICTED  BMR/RTA  STABILITY  DURING  START-UP  AT  ZERO  AIRSPEED 
AND  ZERO  THRUST 
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PREDICTED  EFFECTS  OF  BALANCE  DAMPERS  ON  BMR/RTA 
STABILITY  AT  ZERO  THRUST  AND  ZERO  AIRSPEED 
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FIGURE  5.10  EXAMPLE  OF  PREDICTED  BMR/RTA  DAMPING  DATA 

IN  A FORMAT  FOR  TEST  MONITORING  (SHEET  1 OF  2) 
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FIGURE  6.12  PREDICTED  EFFECTS  OF  SHAFT  ANGLE  AND  AIR- 
SPEED ON  DAXtPING  AT  45  00  LB  THRUST  AND 
425  RPM  ROTOR  SPEED  (SHEET  1 OF  2) 
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FIGURE  6.12  COLLECTIVE  PITCH  VALUES  CORRESPONDING  TO 
SHAFT  ANGLES  AND  AIRSPEEDS  FOR  STABILITY 
PREDICTIONS  AT  4500  LB  THRUST  AND  425  RPM 
(SHEET  2 OF  2) 
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FIGURE  6.13  PREDICTED  EFFECT  OF  BLADE  CHORD  MODE  DAMPING  ON  BMR/RTA 
FIXED  SYSTEM  DAMPING  AT  ZERO  AND  60  KNOTS  AIRSPEED 
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FIGURE  6.14  PREDICTED  EFFECT  OF  BLADE  SWEEP  ANGLE  ON  DAMPING 
AT  ZERO  AND  60  KNOTS  AIRSPEED 
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FIGURE  6,15  PREDICTED  AND  TEST  DAMPING  FOR  THE  FIRST 

BKR/RTA  KIND  TUNNEL  RUN  WITH  BLADES  INSTALLED 
- ZERO  AIRSPEED 
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The  second  method  determines  damping  levels  from  curve  fits  of 
an  input/output  transfer  function  which  Bay  be  obtained  from 
sinusoidal  sweep  testing  or  wide  band  frequency  random  testing 
over  the  frequency  range  of  interest.  The  moving  block  method 
was  used  almost  exclusively  to  obtain  stability  data  for  the 
BMR/STA,  and  test  results  for  BTS/RTA  damping  data  contained  in 
this  report,  are  based  on  the  moving  block  method  of  analysis 
for  damping  data.  For  damping  determination  by  the  moving  block 
method,  the  system  was  excited  in  the  fixed  system  through  the 
non- rotating  s vasb.pl ata  using  the  Dynamic  Control  System  (DCS). 
DCS  inputs  were  at  the  lead-lag  regressing  frequency.  The 

t 

excitation  amplitude  was  gradually  increased  until  acceptable 
response  was  observed,  but  the  excitation  amplitude  was  limited 
to  a safe  value  so  that  rotor  vibratory  load  limits  were  not 
exceeded.  A response  measurement  was  selected  for  analysis  on 
the  Dynamic  Analysis  System  (DAS);  the  excitation  was  stopped, 
a record  of  the  decay  of  the  selected  signal  was  recorded  on 
the  DAS,  and  the  decaying  signal  was  then  analyzed  to  determine 
the  damping  level. 

The  test  procedure  for  the  moving  block  analysis  was  to: 

a.  Excite  the  system  at  ground  resonance  (lead-lag 
regressing)  frequency  nutation  control  on  DCS.  This 
could  be  replaced  by  using  longitudinal  cyclic  input 
on  DCS. 
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i 

V. 


b'  Vety  8lowly  inerts*  the  amplitude  until  « 

"predetermined  limit-  was  reached  on  any  component. 

c.  Shut  off  the  excitation  and  record  the  transient 

decay  of  one  or  more  of  the  following: 

Flexbeaa  chord  bending  11. OA 

Flexbeaa  chord  bending  14.25  (multi-blade 

coordinates ) 

Flexbeaas  chord  bending  43 . OA 
Blade  chord  bending  55.36 
Longitudinal  RTA  accelerometers 
Lateral  RTA  accelerometers 

d.  Perform  moving  block  analysis  by: 

Selecting  start  and  stop  time  for  analysis. 
Selecting  parameter  for  analysis. 

Obtaining  spectral  analysis  and  selecting 

frequency  for  analysis. 

Selecting  block  size. 

Computer  does  moving  block  analysis. 

selecting  time  period  for  fit  of  log  amplitude 
decay. 

Display  of  damping  and  frequency  results. 
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The  raulti -blade  coordinate  analysis  could  be  combined  with  the 
moving  block  analysis  method  after  performing  a multi-blade 
coordinate  analysis  of  corresponding  instrumentation  on  all  four 
rotating  arms  simultaneously.  Flexbeam  chord  bending  gages 
available  for  multi-blade  coordinate  analysis  were  located  at 
radial  station  14.25.  In  addition  to  using  the  DAS  for  stability 
analysis,  one  channel  of  the  Oscillograph  Recorder  (OCR)  was 
used  to  display  a filtered  flexbeasa  chord  bending  gage  (4547) 
at  station  11.0  on  beam  A.  This  gage  was  band  pass  filtered 
from  3 to  5 Hz  to  reject  1/rev  and  steady  (zero  frequency)  beam 
bending  moments.  This  signal  could  be  monitored  to  determine 
adequacy  of  the  excitation  level  and  could  give  an  immediate 
qualitative  indication  of  the  level  of  stability.  A sample 
signal  is  indicated  in  Figure  6.16. 

6.3.4  Types  of  Excitation 

Discrete  frequency  sinusoidal  excitation  was  generally  used  for 
excitation  of  aeroelastic  stability  modes  before  analysis  of 
decays  by  the  moving  .block  method.  However,  during  the  initial 
hover  run,  steps  of  either  collective  pitch,  lateral  cyclic,  or 
longitudinal  cyclic  were  introduced  to  produce  a low  level  of 
response  for  initial  evaluation  of  stability  levels  in  hover. 

As  mentioned  above,  swept  sine  excitation  and  banded  frequency 
random  excitation  in  the  frequency  range  of  interest  were  also 
considered  for  obtaining  transfer  functions  for  determining 


103 


104 


RUN  22,  TEST  POINT  17Q 

HOVER,  425  RPM,  0 >?=4  5.3  SEC0NDS 

i*» — — 


q FILTERED  BEAM  CHORD  BENDING  AT  STATION  11  (BP  FILTERED,  3 TO  5 K2) 


FIGURE  6.16  SAMPLE 


TRACE  OF  DECAY  OF  FILTERED  BEAM  CHORD  BENDING  AT  STATION  11 


damping  by  the  instrumental  variables  method.  However,  only  a 
few  attempts  were  made  to  use  the  instrumental  variables  method, 
and  all  stability  data  presented  in  this  report  are  from  the 
moving  block  method  of  analysis  of  transient  decaying  signals. 

All  types  of  excitation  were  introduced  by  exciting  the 
swashplate  in  the  fixed  system  using  the  DCS.  For  discrete 
frequency  sinusoidal  excitation,  two  kinds  excitation  were 
generally  introduced  at  the  lead-lag  regressing  frequency: 

1)  lateral  cyclic  only 

2 ) nutation  excitation  which  combined  lateral  and 
longitudinal  cyclic  excitation  in  a phase 
relationship  which  would  best  excite  the  lead-lag 

regressing  a ode. 


Thus  to  use  the  DCS  there  were  three  variables  to  select  for 
discrete  frequency  sinusoidal  excitation: 

1)  lateral  or  nutation  excitation 

2)  excitation  frequency  (lead-lag  regressing  frequency) 
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3 ) excitation  amplitude 

Excitation  amplitude  on  the  DCS  amplitude  control  «aa  indicated 
i-a  count*.  The  maximum  input  amplitude  need  vs  SCO  counts, 
which  -crrespondad  to  approximately  .TS  degrees  o £ cyclic 

excitation. 


6.3.5  Data  Analysis  Methods 

As  mentioned  above,  several  methods  of  data  analysis 
considered  for  determining  damping  from  test  data: 

1)  instrumental  variables:  determine  damping  from  curve 

fits  of  transfer  function 

2)  moving  block  analysis  of  a decaying  signal 

3)  manual  analysis  of  a filtered  fleshes*  chord  bending 
decaying  signal  (as  a backup). 

The  moving  block  method  was  used  as  the  primary  method  after 
UT.it.ed  attempts  at  using  the  instrumental  variable  method  in 
combination  with  multi-blade  coordinate  analysis.  The  moving 
block  method  was  used  with  both  the  multi-blade  coordinate 
analysis  cyclic  signals  and  with  a single  flekbeam  chord 
bending  signal  (generally  Data  Code  4547,  radial  .station  11. 
beam  M . The  latter  signal  was  in  the  rotating  system,  for 
determining  aeroelastic  stability,  either  measurements  in  the 
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rotating  system  or  the  fixed  system  could  be  analyzed.  In 
Figure  6.17,  YBR  and  Y^j^  are  rotating  and  fixed  system 
notions,  respectively.  A physical  relationship  between  blade 
rotating  system  motions  and  fixed  system  hub  motions  is  implied 
on  sheet  1 of  Figure  6.17.  The  chordwise  blade  motion  YRR  in 
the  rotating  system  has  a component  YBF  in  the  lateral  direc- 
tion in  t,a  fixed  system.  As  an  example  let  the  blade  motion 
in  the  rotating  system  be  sinusoidal  at  the  blade  first  chord 
mode  frequency: 


ybr  - ybr  sih  “c* 


Where 


u>» 


blade  first  chord  mode  frequency, 
rad/sec 


time,  sec 


“BR 


amplitude  of  blade  motion,  cm 


The  fixed  system  component  of  this  motion  in  the 
lateral  direction  is: 


ybf  - ybr  cos  fit 


Ybr  (SIN  ui^t  COS  fit) 
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RIGHT 


Q = ROTOR  SPEED,  RAD/SEC 


v 

*BR 


ROT AT IMG  SYSTEM  BLADE  MOTION  AT  POINT  i 
IN  BLADE  FIRST  CHORD  MODE 


Y = LATERAL  FIXED  SYSTEM  BLADE  MOTION  AT  POINT  i 
IN  THE  BLADE  FIRST  CHORD  MODE 


LET 


Y.,,^ 

uR 


WHERE 


BR 


SINwrt 


w = THE  FIRST  CHORD  MODE  FREUQENCY,  RAD/SEC 
t = TIME, SEC 


THEN 


BF 


YBR  SIN 

1/2  Ybr 


•Mrt  COS  R t 

r ’sin  (l-o  t + 

REGRESSING 

MODE 

FREQUENCY 


SIN 

♦ 

PROGRESSING 

MODE 

FREQUENCY 


FIGURE  6.17  EXAMPLE  OF  DECAYING  SIGNALS  IN  FIXED  AND 
ROTATING  SYSTEM  FOR  AEROELASTIC  STABILITY 
MODE  (SHEET  1 OF  2) 


steady  state 


FIGURE 


START  OF  DECAY 


FIXED  SYSTEM  " nriJ  ROTATING 
l - FIXED  SYSTEM  DAMP I MG  " 


'rotating 


HOT AT  ~UG 
ROTATING 


) 


FOR  THS  RVWXE  SHOMN  ASlWEs 


"ROTATING 


'TIX’JD 


£1- 


i/'torr 

7)  ^ .3/REV 


% ROTATING 


ROTATING  SYSTEM  DAMPING 


1. 36G%  CRITICAL 


-FIXED 


1.3*6  x .7/. 3 - 3*1331  CRITICAL 


n/2 


lL.03/<f;}(  SECONDS, FOR  SCTI!  ROTATING  AND 
FIXED  SYSTEM  MEASUREMENTS 


J - FREQUENCY  OF  DECAYING  SIGNAL, 

C * RATIO  OF  CRITICAL  GAINING,  PERCENT 


6-17  EXAMPLE  OF  DECAYING  SIGNALS  IM  FIXED  AND 
ROTATING  SYSTEM  FOR  AFP.OELASTIC  STABILITY 
MODE-  (SHEET  2 OF  2) 
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) 

= 1 Ybr  [SIN  (Q  - U)^)t  + SIN(C  + Ui^t)] 

2 

Thus  the  lateral  component  of  blade  motion  in  the  fixed  system 
has  two  frequency  components . One  is  the  lead-lag  regressing 
mode  frequency,  D-ut^,  and  the  other  is  the  lead-lag  progressing 
mode  frequency,  Si+ui^.  . For  the  soft- in-plane  £MH  rotor  (w^  «.  to 
at  normal  rotor  speed),  the  frequency  of  interest  is  the 
regressing  mode  frequency. 

As  indicated  in  Figure  6.17,  sheet  1,  lateral  hub  motion 
YHCJB  may  a^so  occur  so  that  coupling  between  fixed  system  blade 
and  hub  motions  may  occur.  Tills  coupling  is  most  likely  to 
occur  when  a body  mode  natural  frequency  equals  or  nearly 
equals  the  rotor  lead-lag  regressing  mede  frequency.  From 
sheet  1 of  Figure  6.17,  it  can  be  seen  that  similar  relation- 
ships can  be  developed  for  the  longitudinal  components  of 
blade  motions  which  could  couple  with  longitudinal  hub 
motions.  Mathematical  relationships  for  coupling  between 
the  rotor  lead-lag  regressing  mode  and  the  hub  have  been 
developed  in  the  literature;  see  for  example  Reference  15. 

When  the  coupled  system  consisting  of  the  rotor  and  the  body 
(RTA)  is  excited  in  the  fixed  system  at  the  lead-lag  regressing 
mode  frequency,  the  rotor  will  respond  in  the  rotating  system 
at  the  first  chord  mode  frequency,  u>^ . Body  motions  will  occur 
in  the  fixed  system  at  the  lead-lag  regressing  mode  frequency, 

0-IU£  . 
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After  excitation  is  stopped,  the  rate  of  decay  of  motions  in 
the  fixed  and  rotating  systems  will  he  the  same,  e.g.,  the 
times  to  half  amplitude  will  be  the  same.  Assume  that  the 
rotating  system  motion  is  decaying  due  to  damping  alter  a fixed 
system  sinusoidal  excitation  (at  the  lead-lag  regressing 
frequency)  h m stopped.  Assume  that  the  rotating  system 
blade  motion  is? 

ybr  “ ybr®  at  SIW  ul£t 

The  corresponding  lateral  fixed  system  component  blade  motion 
is: 

Ybf  = 1/2  YBRe"at  SIN  (Q-ia.t). 


Critical  damping  is  defined  as  the  minimum  viscous  damping 
which  will  allow  a displaced  system  to  return  to  its  undis- 
placed position  without  further  oscillation.  The  fraction  of 
critical  damping  which  a system  has  in  a particular  mode  of 
oscillation  is  related  to  the  exponential  decay  rate  of  free 
vibration: 


£ ~ a = ratio  of  critical  damping 

m 


iu  = frequency  of  free  vibration 
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For  the  rotating  system,  oscillation  the  ratio  of  critical 

damping  is: 

= - • = rotating  system  ratio  of 

critical  damping. 

For ' a fixed  component  of  motion  Y^p,  the  ratio  of  critical 
damping  is: 

tBp  = a ® fixed  system  ratio  of  critical 
^“u,£  damping 

I 

Then  the  relationship  between  damping  ratios  determined  in  the 
fixed  and  rotating  systems  fcr  aeroelastic  stability  modes 
involving  the  rotor  lead-lag  regressing  mode  is: 


^BF  = “»£ 

fixed  system  ratio  or  critical  damping 

^BR 

rotating  system  ratio  of  critical  damping 

Therefore,  a rotating  system  signal  will  have  a lower  ratio  of 
critical  damping  than  the  corresponding  fixed  system  signal. 
Attempts  at  analyzing  fixed  system  RTA  accelerometers  and 
multi-blade  cyclic  chord  bending  signals  gave  poor  results 
compared  to  analyzing  a single  rotating  system  chord  bending 
gage  and  computing  the  corresponding  damping  which  would  have 
been  observed  in  the  fixed  system.  All  critical  damping  data 
shown  in  figures  in  this  report  are  equivalent  fixed  system 


damping.  Figure  6.17  shows  the  relationship  used  to  compute 
damping  in  the  fixed  system  from  damping  in  the  rotating  system. 
This  conversion  from  rotating  to  fixed  system  has  a potential 
for  introducing  significant  errors,  particularly  at  low  rotor 
speeds  where  the  first  chord  frequency  is  very  near  the  rotor 
rotational  frequency.  As  seen  in  Figure  5.17,  the  difference 
between  these  two  frequencies  is  used  in  the  computing  of  the 
relationship  between  fixed  system  and  rotating  system  damping. 
As  discussed  below,  the  chord  mode  frequency  obtained  from  the 
moving  block  analysis  is  known  only  to  an  accuracy  of  0.125  Hz 
for  analysis  of  a typical  time  sample  of  8.0  seconds. 

An  expression  for  the  BMR  first  chord  mode  frequency  based  on 
decay  traces  from  Boeing  Vertol  whirl  tower  tests  is  believed 
to  be  slightly  more  accurate  than  the  DAS  first  chord  mode  fre- 
quency spectral  analysis  results.  These  whirl  tower  results 
may  be  used  for  configurations  which  did  not  have  damper  strips 
added  to  the  flexbearas.  This  expression  for  chord  mode  fre- 
quency is: 

u)£  = 2 n (4.75  + 1.24  ( Q - 1}  -.02  8 ?) 

375 

where , 

Wj.  = first  chord  mode  frequency,  rad/sec 

0 = rotor  speed,  RFM 

8 7 = collective  pitch  at  70%  blade  radius,  degrees 


/ 


Th-is  expression  was  used  to  compute  chord  mode  frequencies  for 
use  in  the  expression  to  convert  rotating  system  damping  to 
fixed  system  damping  for  configurations  without  damper  strips. 
This  expression  for  first  chord  mode  frequency  is  not  consistent 
with  DAS  software.  For  configurations  with  damper  strips 
added,  the  DAS  spectral  analysis  value  for  rotating  first  chord 
mode  frequency  was  used  to  compute  the  factor  for  converting 
rotating  system  damping  to  fixed  system  damping. 

Another  way  of  presenting  stability  data  is  to  indicate  time  to 
decay  to  half  amplitude.  As  indicated  in  Figure  6.17,  time  to 
half  amplitude  is  the  same  for  both  rotating  and  fixed  system 
signals  for  a coupled  rctor/hody  mode.  Therefore,  the  time  to 
half  amort  tude  can  oe  computed  directly  from  the.  rotating  isys™ 
tea  measurement,  and  a small  error  in  the  chord  mode  frequency 
from  the  moving  block  analysis  would  produce  only  a small  error 
in  the  computed  time  to  half  amplitude  (see  the  expression  for 
time  to  half  amplitude  in  Figure  6.17}.  The  expression  for 
first  chord  frequency  based  on  Boeing  Vertol  whirl  tower  tests 
was  used  to  compute  time  to  half  amplitude  for  configurations 
where  no  damper  strips  were  added.  when  damper  strips  were 
added,  DAS  spectral  analysis  re  ults  for  first  chord  frequency 
were  used  to  compute  times  to  half  amplitude.  Generally,  in 
thiia  report,  stability  data  from  the  BKR/RTA  test  are  presented 
in  both  formats,  i.e. , fixed  system  ratio ' of  critical  damping 
and  time  to  half  amplitude. 
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The  moving  block  analysis  is  conducted  on  the  DAS  through  an 
interactive  graphics  terminal . Figure  6.18  shows  typical  dis- 
plays from  the  graphics  terminal.  One  display  shows  the  sample 
rate  (typically  64  samples  per  second),  the  time  length  of  the 
data  sample  to  be  analyzed  (typically  8.0  seconds),  and  the 
flight  conditions:  tunnel  speed,  rotor  speed,  collective 

pitch,  and  angle  of  attack.  These  data  are  all  input  by  the 
engineer  operating  the  graphics  terminal.  The  operating  pro- 
cedure is  to  record  a sample  of  decaying  data  after  excitation 
is  terminated  by  the  engineer  operating  the  DCS.  The  engineer 
operating  the  DAS  initiates  collecting  a data  sample  when  given 
a signal  from  the  DCS  controller  indicating  that  excitation  has 
been  terminated.  After,  data  collection,  a spectral  analysis  of 
the  sample  is  completed  and  displayed  (Figure  6.18).  The  gra- 
phics terminal  operator  specifies  a narrow  frequency  band  in- 
cluding the  frequency  of  interest  for  the  moving  block  analy- 
sis. In  Figure  6.18,  a flexbeam  chord  bending  gage  is  being 
analyzed,  and  the  frequency  of  interest  is  the  first  chord 
bending  mode  just  below  5 Hz.  The  block  size  is  also  specified 
for  the  moving  block  analysis:  1/2  was  generally  used  meaning 

that  a 4 second  moving  block  size  was  used  for  an  8 second  time 
sample;  this  smooths  variations  in  the  signal  with  time.  The 
moving  block  technique  analyzes  the  decaying  transient  signal 
at  the  peak  frequency  amplitude  found  within  the  frequency 
range  specified  by  the  DAS  operator.  The  log  decay  is  then 
displayed  for  the  selected  peak  frequency;  the  terminal  opera- 
tor selects  a time  period  to  compute  a linear  fit  to  this 
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TEST  CONDITIONS 


RUN  U0.»23  POINT®  6 


**t  SINGLE  CHANS  5EL  ttt 

CHI  4 


INPUT  DATA  FOR  MOOING  BLOCK  ANALYSIS  

'SIGNAL  LEUEL  COD£=88  SAMPLE  RATE®  64.6<H2> 

TINE  FOR  DATA  RECORDING®  8.80CSEC. > 
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ACQUIRE  AliALCG  DATA  OR  RHTURHC  R ) 


FIGURE  6.18  TYPICAL  GRAPHICS  TERMINAL  OUTPUT  FOR 
MOVING  BLOCK  ANALYSIS  (SHEET  1 OF  3) 
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FIGURE  6.18  TYPICAL  GRAPHICS  TERMINAL  OUTPUT  FOR  MOVING 
BLOCK  ANALYSIS  (SHEET  2 OF  3) 
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FIGURE  6.18  TYPICAL  GRAPHICS  TERMINAL  OUTPUT  FOR  MOVING  BLOCK 
ANALYSIS  (SHEET  3 OF  3) 


decay,  and  the  corresponding  damping  level  is  computed.  In  the 
example  in  Figure  6.18,  the  fit  time  was  from  0 to  4 seconds, 
and  the  rotating  system  damping  was  1.21  percent;  the  fixed 
system  damping  was  2.76  percent  (the  conversion  from  rotating 
to  fixed  system  damping  was  eventually  added  as  a part  of  the 
moving  block  analysis  an  the  MS).  The  unfiltered  signal  was 
also  displayed  on  the  graphics  terminal;  in  the  example  in 
Figure  6.18,  the  signal  contains’,  mostly  data  at  the  chord  bend- 
ing frequency.  At  low  rotor  speeds,  the  unfiltered  chord  bend- 
ing data  would  also  contain  a very  large  one/rev  signal. 

6.4  FLYING  QUALITIES  TESTING 

The  flying  qualities  testing  was  very  similar  to  the  1G  flight 
testing.  The  rpm  was  set  at  425  and  the  tunnel  speed  brought 
to  the  desired  setting.  Collective  pitch  was  adjusted  to  main- 
tain a lift  coefficient  of  .072.  The  shaft  angle  was  varied 
until  the  rate  of  descent  was  zero,  and  longitudinal  and  late- 
ral cyclic  pitch  were  adjusted  to  attain  the  predicted  aircraft 
pitch  and  roll  moments  of  the  BO-1G5/BMR.  Then  approximately 
.4  degree  input  changes  of  positive  and  negative  longitudinal 
and  lateral  cyclic  pitch  were  put  in  successively  through  the 
Dynamic  Control  System.  For  each  input,  time  history  data  was 
taken  of  the  multi-blade  flap  and  chord  bending  flexbeam  gagas 
so  that  fixed  system  hub  loads  response  data  could  be  computed. 
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7.0  PRETEST  ANALYSIS  METHODOLOGY 

7.1  STABILITY  ANALYSIS  METEOPOLOGY 

7.1.1  Description  of  C-90  Program 

Boeing  Vertol's  C— 90  analysis  computer  program  has  been 
described  in  some  detail  in  Reference  16.  This  program  was 
used  to  predict  eicpected  damping  levels  on  the  Brm/RTA.  Figure 

7.1  shows  general  features  of  the  C-90  computer  program.  The 
program  can  compute  aeroelaotic  stability  mode  damping  for 
ground  resonance,  hover,  and  forward  flight.  It  uses  modal 
representations  of  the  rotor  blades  and  the  airframe,  and  has 
the  capability  to  incorporate  rotor  isolation  elements  between 
the  rotor  transmission  and  the  airframe.  A computational  flow 
diagram  for  C-90  is  shown  in  Figure  7.2.  Input  required  for 
C-90  are  described  in  Reference  17.  A steady  state  rotor  loads 
analysis  is  required  to  compute  the  blade  steady  deflected  posi- 
tions, and  a rotor  blade  modal  analysis  must  be  performed  to 
generate  blade  modal  data  at  the  steady  deflected  position,  for 
input  to  the  C-90  program. 

7.1.2  Correlation  of  Predicted  C-90  Stability  Results  with 
Flight  Test  Data  for  the  BMR 

t* 

To  validate  the  capability  of  comp  ter  program  C-90  to  predict 
aeroelasuic  stability  levels,  C-90  analyses  were  conducted  to 
determine  damping  data  for  comparison  with  data  obtained  during 
BMR/B0-1C5  flight  tests  conducted  by  Boeing  Vertol  (Reference 
18).  Results  of  this  analysis/test  comparison  are  shown  in 
Figures  7.3  through  7.6  from  Reference  16.  These  figures  show 


. 1 - comparisons  of  predicted  and  test  values  of  damping  versus  air- 

speed for  level  flight;  versus  rate  of  climb  at  60  knots;  and 
versus  collective  pitch  position  at  SO  and  100  knots.  Test  and 
C-90  analysis  damping  data  are  in  very  good  agreement  in  these 
figures.  Figures  7.7  and  7.8  show  C-90  analj  .is  versus  test 
comparisons  ior  damping  data  for  the  BME  rotor  on  the  Vertol 
whirl  tower . Again,  C-SO  analysis  results  and  the  test  results 
are  in  very  good  agreement.  All  results  in  Figures  7.3  through 
7.8  are  equivalent  fixed  system  damping  at  approximately  the 
lead-lag  regressing  mode  frequency. 
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FIGURE;  7.1  MATHEMATICAL  MODEL  FOR  C-9Q  PROGRAM 
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COMPUTATIONAL  FLOW  E3IABRAM  OF  C-SO 
AEROELABTIC  STABILITY  PROGRAM 


FIGURE  7,2  COMPUTATIONAL  FLOW  DIAGRAM  FOR  C-90 
AKR0LLA5TIC  STABILITY  PROGRAM 
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C~90  VS  FLIGHT  DATA  AT  50  KNOTS j MiR/DO-105 
STABILITY  IN  CMHQS  AND  DESCENTS 
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FIGURE  7-6  C-90  VS  FLIGHT  DATA  AT  100  KNOTS:  BMR/BO-105 

STABILITY  IN  CLIMBS  AND  DESCENTS 
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FIGURE  7.7  C-90  COMPARISON  WITH  WHIRL  TOWER  TESTS  - EFFECT 

OF  COLLECTIVE  PITCH 
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FIGURE 


7,8  090  COMPARISON  WITH  BMR  WHIRL  TOWER  TESTS  - 

EFFECT  OF  ROTOR  SPEED  AND  BLADE  STRUCTURAL 
DAMPING 


7.2  LOADS  ANALYSIS  IffilliQDOLOGY 


7.2.1  Description  of  C-SO  Program 

Boeing  Vertol  has  developed  an  aeroelastic  rotor  loads  analysis, 
the  060  Program,  which  calculates; 

o blade  loads  and  motions  for  steady-state  flight 
conditions 

o control-system  forces 

o steady, and  vibratory  hub  loads 

o rotor  performance 

o rotor  trim 

for  articulated,  teetering,  and  hinge less  rotors  with  two  to 
nine  blades.  The  blades  may  be  of  arbitrary  planform,  twist, 
and  airfoil  section  variation  with  radius.  This  analysis  is 
limited  to  steady  flight  conditions. 

The  analysis  considers  coupled  flap  and  torsion  deflections  and 
uncoupled  uhordwise  deflections  of  the  rotor  blades.  The  blade 
is  represented  by  25  lumped  masses  connected  by  elastic  ele- 
ments. The  model  can  include  plariforra  sweep  at  two  locations 
and  spanwise  variations  of  shear  center,  vertical  neutral  axis, 
chordwise  center  of  gravity,  and  pitch  axis.  The  associated- 
matrix  method  is  used  to  relate  the  tip-boundary  conditions  to 
the  root-boundary  conditions.  The  solution  is  expressed  as  a 
Fourier  series  and  the  coefficients  are  obtained  by  inverting 
the  matrix  equation  that  relates  the  tip-and  root-boundary 
conditions . 
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Airload  calculations  include  airfoil-section  geometry,  compres- 
sibility, stall,  three-dimensional  flow,  unsteady  aerodynamics 
with  center  of  pressure  shift,  and  nonuniform  downwash.  Static 
airfoil  tables  are  used  to  account  tor  compressibility,  static 
stall,  and  airfoil  shape.  The  unsteady  aerodynamic  loads  are 
calculated  by  modifying  the  static  loading  resulting  from  the 
airfoil  tables  to  include  Theodonsen's  shed- wake  function, 
dynamic  stall  effects  based  on  oscillating-airfoil  data,  and 
yawed  flow  across  the  blade. 

The  wake  is  modeled  as  a tip  and  root  vortex  trailed  from  each 
blade  for  nonuni  form  inflow  calculations.  Through  an  iterative 
procedure,  each  trailed  vortex  is  made  compatible  with  the 
calculated  blade-lift,  distribution?  the  lift  distribution  is 
compatible  with  the  nonuniform  downwash  field.  The  vortex  wake 
is  assumed  to  be  rigid  and  to  drift  relative  to  the  hub  with 
a constant  velocity  composed  of  the  thrust- i educed  uni  form 
downwash  added  to  the  speed  of  the  aircraft.  The  nonuniform 
downwash  field  can  be  recalculated  at  any  stage  of  the  analysi:. 
to  account  for  the  redistribution  of  airloads  resulting  from 
elastic  blade  deflections. 

The  nonlinear  aerodynamic  loads  and  the  coupled  flap  and  pitch 
responses  are  calculated  iteratively.  Up  to  20  iterations  are 
used  to  obtain  the  final  solution.  This  iterated  solution 
accounts  for  the  nonlinear  coupling  between  the  blade  deflec- 
tions and  airloads  that  result  from  stall  and  compressibility. 


A summary  of  the  analytical  features  is  provided  in  Figure  7.9. 

The  uncoupled  lag  response  calculation  includes  an  option  to 
analyze  a multiple  load  path  retention  system  such  as  the  dual 
beaut  BMR  configuration.  This  option  adds  an  additional  program 
loop  in  which  the  chord  moments  and  shears  and  the  axial  force 
are  used  to  initialize  a special  subroutine  which  computes  the 
chord  motion  of  the  dual  retention  system.  The  deflections  and 
slopes  are  harmonically  analyzed  and  imposed  as  new  boundary 
conditions  on  the  chord  portion  of  C-60  at  the  outboard  end  of 
the  beams.  A new  pass  through  the  chord  portion  of  C-60  is 
made  and  new  moments , shears , and  axial  force  are  computed . 
These  are  compared  to  the  previous  iteration  unvil  convergence 
is  achieved. 

7.2.2  Verification  of  060  Program 

Figures  7,10  through  7.13  show  a comparison  of  loads  predicted 
by  C-60  with  BMK/RTA  test  results  for  a selected  test  point  at 
90  tacts.  The  90  knot  condition  was  selected  because  it  does 
not  contain  transition  effects  or  very  high  advancing  tip  Mach 
Number  .effects.  The  flap  bending  steady  and  vibratory  moment 
correlation  is  very  good,  as  is  the  vibratory  chord  moment 
correlation.  The  steady  chord  moment  correlation  is  fair  to 
poor.  Figures  7.12  and  7.13  present  only  the  total  chord  bend- 
ing moment.  Since  a major  portion  of  the  chord  bending  moment 
at  the  blade  to  fl exbeam  attachment  is  transmitted  as  differen- 
tial axial  force  in  the  beams,  local  beam  chord  bending  moments 
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CORRELATION  WITH  ANALYSIS  - STEADY  CHORD  MOMENT 
VERSUS  SPAN  AT  90  KNOTS 


are  small  relative  to  blade  root  moments  at  station  55.36 
inches.  The  theory  as  shown  treats  the  flexheasis  as  an  equiva- 
lent single  beam,  then  computes  the  local  chord  moments.  The 
total  chord  moment  measured  at  station  .14. 25  inches  is  not  pre- 
sented in  the  correlation  plots.  This  bridge  was  installed  to 
measure  relative  changes  in  chord  bending  response  only  tor 
multiblade  stability  analysis  during  control  excitations.  The 
calibration  conditions  tor  this  bending  bridge  consisted  of 
equal  local  shear  and  moment  distributions  for  the  leading  and 
trailing  beam.  Under  rotating  conditions,  when  the  local  dis- 
tributions are  not  the  same  and  centrifugal  force  is  present, 
the  laboratory  calibrations  are  not  applicable. 

Figures  7.14  through  7.17  show  correlation  for  BMR/RTA  test 
results  in  which  the  control  inputs  were  adjusted  to  match  the 
1/rev  flapping  of  the  BFiR/EO-105  flight  test  results  at  29.5 
knots.  Again,  the  flap  bending  correlation  is  excellent,  while 
both  the  steady  and  vibratory  chord  moment  correlation  is  poor. 
Figure  7.18  presents  an  explanation  for  this  result.  This 
figure  shows  the  computed  lag  deflection  versus  radius  for  the 
C-60  equivalent  beam  method  and  the  local  chord  bending  subrou- 
tine. It  can  be  seen  that  the  two  results  are  not  compatible. 
Without  a converged  solution,  the  individual  beam  chord  bending 
moments  predicted  for  stations  11  and  43  will  be  based  on  a 
chord  bending  mode  shape  in  the  flexbeams  which  is  not  consis- 
tent with  the  blade  chord  bending  mode  shape.  A discontinu- 
ity ir.  the  mode  chape  will  exist  at  the  blade  attachment  joint. 
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Further  effort  .is  required  to  refine  the  iteration  process  so 
that  a converged  solution  can  be  obtained. 
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7.3  FERFOBMAKCE  ANALYSIS  METHODOLOGY 

7.3.1  Description  of  B-67  Program 

The  performance  of  rotors  in  forward  flight  is -calculated  using 
program  B-67  DD.  This  is  a rotor  performance  and  airloads  anal- 
ysis in  which  the  blades  axe  treated  as  lifting  lines.  The 
trailed  vorten  wake  is  represented  by  :•  number  of  concentrated 
vortices.  The  program  iterates  to  obtain  a mutually  consistent 
induced  flow  and  aerodynamic  loading.  Two  flap  bending  modes 
and  one  torsion  mode  may  be  included.  The  analysis  is  applica- 
ble to  blades  of  arbitrary  twist  and  plan form,  and  the  effects 
of  radial  flow  and  unsteady  aerodynamics  on  the  airfoil  charac- 
teristics are  included.  The  features  of  B-67  are  presented  in 
Figure  7.19. 

7.3.2  Verification  of  B-67  Program 

Figure  7.20  shows  good  correlation  of  e-67  theory  with  wind 
tunnel  test  data  for  a three-bladed  rotor.  In  Figure  7.21  the 
measured  azimuthal  load  variation  near  the  tip  of  a CH-47 
rotor  blade  compares  well  with  B-67  predictions. 
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8.0  TEST  RESULTS 

8.1  STABILITY 

Aeroelastic  stability  test  results  are  presented  in  this  sec- 
tion in  terms  of  percent  critical  damping  and  time  to  half 
amplitude  obtained  from  decay  tests.  Attempts  were  made  to 
estimate  the  degree  of  data  scatter  by  selected  repetition 
at  certain  test  conditions.  Repeatability  of  damping  results 
was  found  to  be  dependent  on  the  stability  level.  Good  re- 
peatability was  generally  found  in  the  two  to  four  percent 
fixed  system  critical  damping  ratio  level.  Poor  repeatability 
was  generally  obtained  above  ten  percent  fixed  system  critical 
damping  ratio.  Bata  scatter  was  also  found  to  be  smaller  at 
rotor  speeds  of  400  rpm  and  higher  where  the  first  chord  mode 
frequency  was  well  below  the  rotor  1/rev  frequency. 

8.1.1  Baseline  Configuration  Results 

8. 1.1.1  Camping  Versus  Airspeed 

8. 1.1. 1.1  Damping  Versus  Airspeed  with  Collective  Pitch  and 
Shaft  Angle  Variations 

Figures  8.1  and  8.2  show  fixed  system  damping  ratio  and  time  to 
half  amplitude  versus  airspeed  at  normal  rotor  speed.  Results 
are  for  a shaft  angle  of  -6  degrees  and  for  collective  pitch 
angles  at  70  percent  radius  of  3 to  10  degrees.  Data  is  pre- 
sented for  airspeeds  from  hover  to  120  knots.  Note  that  the 
shaft  angle  for  hover  was  -10  degrees.  Figure  8.1  ehows  that 
at  a constant  collective  pitch,  fixed  system  damping  generally 
remains  the  same  or  increases  slightly  as  airspeed  increases 
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from  hover  to  60  knots.  Between  60  and  90  toots,  fixed  system 
damping  remains  constant  for  3 to  6 degrees  collective  pitch, 
and  decreases  as  airspeed  increases  from  60  to  90  knots  at  8 
degrees  collective  pitch.  At  collective  pitch  angles  of  4 to  8 
degrees,  damping  decreases  as  airspeed  increases  from  90  to  120 
toots . 

Damping  is  stable  at  all  airspeeds  and  collective  pitches  indi.- 
t ated  in  Figure  8.1.  Damping  increases  with  collective  pitch 
at  all  airspeeds;  a minimum  damping  of  slightly  less  than  2 
percent  critical  occurred  at  3 degrees  collective  pitch;  a max- 
imum damping  of  about  11  percent  was  obtained  at  10  degrees 
collective  pitch  in  hover. 

Figure  8.2  shows  time  to  half  amplitude  data  versus  airspeed 
corresponding  to  fixed  system  damping  ratio  data  shown  in  Fig- 
ure 8.1.  Time  to  half  amplitude  data  have  an  inverse  relation- 
ship to  fixed  system  damping  data;  a low  value  of  damping  cor- 
responds to  a high  value  of  time  to  half  amplitude.  The  maxi- 
mum value  of  time  to  half  amplitude  is  about  2.5  seconds  at  3 
degrees  collective  pitch  at  60  toots;  the  minimum  value  ob- 
tained is  less  than  one  half  second  at  10  degrees  collective 
pitch  for  hover. 

Figures  8.3  and  8.4  show  damping  ratio  and  time  to  half  ampli- 
tude data  versus  airspeed  for  speeds  from  hover  to  143  knots 
for  collective  pitch  angles  from  0 to  10  degrees  and  shaft 
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angles  from  -8  to  -12  degrees.  Results  are  generally  in  agree- 
ment. with  those  of  Figures  8.1  and  8.2?  the  trend  of  decreasing 
damping  with  increasing  airspeed  for  speeds  above  90  knots  at 
constant  collective  pitch  and  shaft  angle  is  confirmed.  Damp- 
ing data  do  not  appear  to  be  very  sensitive  to  shaft  angle 
based  on  results  shown  in  Figures  8.3  and  8.4. 

8. l.l. 1.2  Damping  Versus  Airspeed  for  1.0  G Level  Flight  Level 
flight  testing  was  conducted  to  obtain  performance  data  but  no 
aeroelastic  stability  data  were  obtained  for  these  conditions. 
Trim  values  of  collective  pitch  and  shaft  angles  versus  air- 
speed for  the  1.0  G level  flight  condition  are  shown  in  Figure 
8.5.  Figure  8.6  shows  trim  values  of  collective  pitch  and 
shaft  angle  versus  airspeed  for  the  zero  flapping  condition 
where  the  lift  equals  5000  pounds  (take-off  gross  weight)  and 
the  flat  plate  drag  area  equals  9.0  square  feet.  That  is  the 
flat  plate  area  of  the  rotor  with  the  hub  and  RTA  tares 
removed,  and  matches  the  flat  pic.,  to  area  of  the  BO- 105  rotor. 
Based  on  interpolating  the  damping  data  obtained  in  the  test  at 
zero  flapping  conditions  which  bracketed  the  range  of  trim  con- 
ditions shown  in  Figure  8.6,  the  damping  values  for  a 5000 
pound  lift,  Fe  - 9.0  square  feet  condition  are  plotted  in 
Figure  8.7  versus  airspeed.  This  approximates  l.Og  flight 
damping  data.  Figure  8.7  shows  estimated  damping  for  1.0  G 
level  flight  to  be  about  7 percetit  in  hover,  decreasing  to 
about  3.5  percent  at  60  knots,  and  increasing  to  about  6.5  per- 
cent at  120  knots. 
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8. 1.1. 2 Damping  Versus  Collective  Pitch  and  Rotor  Speed 
8.1. 1.2.1  Initial  Hover  Stability  Rcsixlts 

Initial  testing  consisted  of  hover  testing  for  a collective 
pitch  of  4 degrees  for  a rotor  speed  variation  from  350  to  436 
rpra.  Collective  pitch  sweeps  were  then  made  at  350,  375,  400, 
415,  and  425  pm.  Fixed  system  damping  data  and  time  to  half 
amplitude  for  these  initial  test  conditions  are  shown  in  Fig- 
ures 8.8  and  8.9,  respectively.  Figure  8.8  shows  that  fixed 
system  damping  generally  decreases  with  increasing  rotor  speed 
at  constant  collective  pitch  and  increases  with  collective 
pitch  for  a constant  rotor  speed.  At  collective  pitch  values 
of  4,  6,  and  8 degrees,  a slight  reduction  in  damping  is  seen 
at  the  415  rpm  rotor  speed.  This  is  the  rotor  speed  where  a 
coalescence  of  the  rotor  regressing  chord  mode  . uency  with 
the  body  pitch  mode  frequency  is  expected  to  occu^ 

A significant  amount  of  data  scatter  is  indicated  in  Figures 
8.8  and  8.9.  An  improved  trim  procedure  was  developed,  and 
additional  hover  test  data  were  obtained  using  this  improved 
• procedure . 

o-.i-l.  .2.2  Hover  Stability  Results  with  Nonzero  Cyclic  Inputs 
Figures  8.10  and  8.11  show  fixed  system  damping  levels  and  time 
to  half  amplitude  for  hover  with  nonzszo  longitudinal  and  lat- 
eral cyclic  pitch  inputs  in  an  effort  to  trim  out  nominal  one 
per  rev  flapping.  Results  are  shown  for  rotor  speeds  from  375 
to  437  rpm  and  for  collective  pitch  values  from  4 to  10  de- 
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grees.  Results  are  similar  to  those  obtained  front  initial 
hover  testing.  The  rotor  speed  range  between  400  and  425  rpm 
was  studied  in  more  detail,  but  no  specif ic  indication  of  re- 
duced damping  near  415  rpm  was  indicated  with  the  nonzero 
cyclic  inputs. 

8. 1.1. 2. 3 Summary  of  Hover  Stability  Results 

Figures  8.12  and  8.13  show  summaries  of  hover  damping  data  and 
time  to  half  amplitude  data  for  rotor  speeds  of  350,  375,  400, 
425  and  437  rpm  and  for  collective  pitch  values  of  from  0 to  11 
degrees.  Hover  data  for  both  initial  hover  testing  and  hover 
testing  with  nonzero  cyclic  inputs  were  averaged  to  obtain 
hover  summary  data  presented  in  Figures  8,12  and  8.13. 

8. 1.1. 2. 4 stability  at  90  Knots 

Figures  8.14  through  8.17  show  damping  and  time  to  half  ampli- 
tude data  for  rotor  speeds  of  335,  400  and  425  rpm  for  collec- 
tive pitch  values  from  2 to  10  degrees  and  for  shaft  angles  of 
-6  and  -8  degrees.  Damping  and  time  to  half  amplitude  d<?ta  are 
similar  at  shaft  angles  of  -6  and  -8  degrees . Duta  at  90  knots 
are  similar  to  hover  data  (Figures  8.12  and  8,13)  at  the  same 
rotor  speed  and  collective  pitch  values. 


8.1.1. 3 Effects  of  Shaft  Angle 

Figures  8.18  through  8.21  present  damping  and  time  to  half  am- 
plitude data  versus  collective  pitch  and  shaft  angle  at  60,  90, 
and  120  knots.  Data  are  shown  at  90  knots  for  rotor  speeds  of 
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FIGURE  8.14  FIXED  SYSTEM  DAMPING  AT  SO  KNOTS  VS  ROTOR  SPEED 
AND  COLLECTIVE  PITCH  - FOR  A -6  DEGREE  SHAFT 
ANGLE  - BASELINE  CONFIGURATION 
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JRE  9.21  TIME  TO  HALF  AMPLITUDE  AT  60  AND  120  KNOTS  VS 
COLLECTIVE  PITCH  AND  SHAFT  ANGLE  - 3 AS ELI NE 
CONFIGURATION 


335,  400  and  425  rpra  while  data  at  60  and  120  knots  are  for  425 
rpm.  Data  are  shown  for  shaft  angles  of  -6  and  -8  degrees  for 
collective  pitch  values  ranging  from  2 to  9 degrees.  Although 
damping  does  not  appear  to  be  very  sensitive  to  shaft  angle, 
the  most  dominant  trend  with  shaft  ar.gl variation  from  -6  to 
-8  degrees  is  a slight  decrease  in  damping  levels  (slight  in- 
crease in  time  to  half  amplitude).  These  changes  are  generally 
near  the  data  scatter  level  (estimated  to  be  about  plun  or 
minus  one  half  percent  critical  damping). 

6. 1.1. 4 Effects  of  Configuration  Changes 

8. 1,1. 4.1  Effects  of  Varying  Control  Stiffness 
Analytical  and  experimental  studies  have  indicated  that  a de- 
crease in  control  system  stiffness  would  increase  aeroeiastic 
stability  mode  damping  (References  3 and  12).  The  test  plan 
called  for  installing  a pitch  link  with  softer  axial  stiffness 
to  reduce  the  total  control  system  stiffness  so  that  the  effect 
of  control  system  stiffness  on  the  BMR  aeroelnstic  stability 
mode  damping  could  be  determined.  As  discussed  in  Section 
3.1.5  of  this  report,  experimental  evaluation  of  the  baseline 
and  “soft"  pitch  link  stiffness®*,  indicated  that  an  11  percent 
reduction  of  total  control  system  stiffness  (i.e.,  blade  root 
end  support  total  torsional  stiffness)  had  been  achieved;  the 
total  control  system  stiffness  had  been  reduced  from  56,680  to 
50,700  in-lb/rad. 


Figures  0.22  to  8 ,21  show  comparisons  of  damping  and  time  to 
half  amplitude  data  obtained  with  the  baseline  and  soft  pitch 
links;  these  data  were  obtained  with  the  iunes  40-by-BO  foot 
wind  tunnel  balc?nce  dampers  removed  (see  discussion  of  effects 
of  removing  balance  dampers  in  section  8 -1-1 -7)-  Figure*  8,22 
and  8 ■ 23  show  stability  data  for  hover;  data  are  shown  for 
rotor  speeds  of  375,  400,  and  425  rpm  and  collective  pitch 
values  of  4,  6,  and  8 degrees*  At  375,  and  400  rpm,  the  soft 
pitch  link  configuration  appears  to  be  significantly  less 
stable,  while  at  425  rpin,  essentially  no  difference  in  stabil- 
ity is  indicated. 

Figures  3 . 24  and  3 -.25  show  stability  data  at  90  knots  versus 
rotor  speed  at  4 degrees  collective  pitch  and  a shaft  angle  of 
-8  degrees-  Generally  very  little  difference  is  indicated  by 
stability  level?  in  Figures  8.24  and  8.25;  with  perhaps  a 
slightly  lower  damping  level  indicated  for  the  soft  pitch  link 
configuration  ( i.e.,,  the  opposite  of  the  trend  indicated  in 
hover).  Figures  8.26  and  8.27  show  stability  data  at  90  knots 
versus  collective  pitch  at  425  rpm  for  a shaft  angle  of  -4 
degrees . As  in  Figures  8 . 24  and  8.75,  the  stability  level 

appears  to  be  lower  for  the  soft  pitch  link  configuration. 

Damp  ing  in  hover  at  375  and  400  rpm  appeared  to  be  significant- 
ly increased  by  reducing  control  system  stiffness.  Although 
increased  dumping  due  to  reduced  control  system  stiffness  was 
not  confirmed  by  stability  data  at  90  Joints,  hover  results  are 
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FIGURE  3.25  EFFECT  OF  PITCH  LINK  STIFFNESS  - TIME  TO  HALF 
AMPLITUDE  VS  ROTOR  SPEED  AT  90  KNOTS 
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FIGURE  8. 2 7 EFFECT  OF  PITCH  LINK  STIFFNESS  - TIME  TO  HALF 
AMPLITUDE  VS  COLLECTIVE  PITCH  AT  90  KNOTS 
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•4  r encouraging.  Additional  tests  are  recommended  where  the  tor- 

.sional  stiffness  at  the  root  end  of  the  rotor  blade  is  reduced 
to  approximately  70  percent  of  the  baseline. 

8.3. .1.4.2  Effect  of  Blade  Structural  Damping 

The  effects  of  adding  elastomeric  dsm’ing  strips  to  the  BMR 
open  section  "c"  beams  are  shown  in  Figures  8.28  through  3.35. 
Figures  8.28  and  8.29  show  stability  data  versus  rotor  speed 
for  hover  at  4 degrees  collective  pitch.  Fixed  system  damping 
ratios  are  increased  by  about  1.5  percent  critical  between  375 
and  425  rpm;  time  to  half  amplitude  is  decreased  by  about  0.7 
seconds  at  425  rpm.  Figures  8.30  and  8.31  show  damping  data 
versus  collective  pitch  at  425  rpm.  Damping  increases  by  near- 

; ly  2 and  4 percent  at  4 and  8 degrees  collective  pitch,  res- 

pectively, with  the  damping  strips  added.  Figure  8.31  shows 
that  time  to  half  amplitude  is  decreased  by  0.7  seconds  at  4 
degrees  collective  pitch  and  by  lesser  amounts  at  higher  col- 
lective pitch  values  at  425  rpm  in  hover.  Figures  8.32  through 
6.35  show  effects  of  added  blade . structural  damping  versus 
rotor  speed  at  90  knots  for  shaft:  angles  of  -6  and  -8  degrees. 
At  425  rpm,  the  damping  level  is  increased  by  about  1.0  and  l.S 
percent  critical  at  -6  and  -8  decree  shaft  angles,  respective- 
ly? damping  is  increased  by  larger  amounts  at  lower  rotor 
speeds.  Time  to  half  amplitude  is  decreased  by  about  0.7 
seconds . 
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Adding  the  beam  damper  strips  increased  the  first  chord  mode 
frequency  slightly  in  addition  to  adding  chord  mode  damping. 
Approximate  frequency  changes  were  obtained  from  the  moving 
block  spectral  analysis  frequencies.  In  addition,  non-rotating 
chord  mode  natural  frequency  and  damping  tests  were  performed 
at  Boeing  Vertol  after  the  BMR  Ames  wind  tunnel  test.  Non-ro- 
tating decay  test  results  with  heaa  damper  strips  are  compared 
with  earlier  Boeing  Vertol  BMR  chord  mode  non-rotating  damping 
results  in  Figure  8.36.  For  a 1.5  inch  tip  amplitude  the  chord 
mode  damping  ratio  is  2.4  percent  with  beam  damping  strips 
added  compared  to  1.2  percent  critical  for  the  baseline. 
Figure  0.37  shows  first  chord  mode  frequency  from  moving  block 
spectral  analysis  of  beam  chord  bending  data  during  the  BMR 
Ames  wind  tunnel  test  and  from  Boeing  Vertol  non-rotating  first 
chord  mode  decay  tests.  Frequency  data  for  the  baseline  for 
rotating  conditions  are  based  on  time  histories  of  decays  of 
chord  bending  data  from  Boeing  Vertol  whirl  tower  tests.  The 
first  chord  mode  frequency  is  seen  to  increase  by  about  0.3  Hz 
(about  .04/Rev)  at  425  rpm  with  the  damper  strips  added. 

8. 1.1.5  Effect  of  Removing  Balance  Dampers 

The  wind  tunnel  balance  dampers  were  removed  to  determine  the 
effect  on  aeroelastic  stability  of  the  BMR/RTA.  Figures  8.38 
through  8.43  show  effects  of  removing  balance  dampers  in  hover 
and  at  90  knots.  Figures  8.30  and  8.39  show  hover  stability 
data  versus  rotor  speed  at  4,  6,  and  3 degrees  collective  pitch 
with  and  without  balance  dampers.  The  difference  in  stability 
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levels  appear  to  be  due  to  data  scatter-  Figures  8.40  and  8.41 
show  the  effects  of  removing  balance  dainpers  on  stability  ver- 
sus rotor  speed  at  SO  knots  at  4 degrees  collective  pitch. 
Figures  8.42  and  8.43  show  the  effect  of  removing  balance 
dampers  on  damping  versus  collective  pitch  at  425  rpa  at  90 
knots.  Stability  results  in  Figures  8.40  through  8.43  indicate 
even  more  strongly  than  hover  data  that  no  significant  change 
in  JSFS/RTA  iter  oe!  as  tic  stability  occurred  uue  to  removal  of  the 
wind  tunnel  balance  dampers. 

6. 1.1. 6 Effects  of  Excitation  Amplitude 

J 

The  effect  of  excitation  amplitude  on  the  magnitude  of  aero- 
elastic  stability  levels  determined  from  the  test  was  checked, 
and  results  are  presented  in  Figure  8,44-  Cyclic  excitation 
levels  were  inpiit  in  tenns  cf  counts  where  500  counts  corre- 
sponds to  approximately  *75  degrees  of  cyclic  excitation.  Re- 
sult for  damping  levels  are  shown  in  Figure  8.44  for  the  base- 
line configuration  in  hover  at  6 degrees  collective  pitch  and 
375  rpzn  and  for  the  "soft1’  piten  link,  balance  dampers  off  con- 
figuration at  4 degrees  collective  pitch  and  425  rpna.  These 
results  indicate  that  the  damping  levels  obtained  from  the  test 
are  not  very  sensitive  to  excitation  magnitude  for  excitation 
levels  above  100  counts  - Typical  excitation  levels  were  125 
counts  during  stability  testing. 
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8, 1.1. 7 Ef facta  of 'Trim  Values  of  Cyclic  Pitch 

The  effect  on  stability  of  varying  the  longitudinal  and  lateral 
cyclic  trim  values  by  magnitudes  of  the  order  of  ±1.0  degree 
was  determined  and  results  are  presented  in  Figures  8.45  and 
8-46  for  hover-  Figure  8.45  shows  no  general  trend  for  damping 
as  'brim  values  of  lateral  and  longitudinal  cyclic  pitch  are 
varied.  Figure  6,46  chows  dumping  versus  resultant  trim  value 
of  lateral  and  longitudinal  cyclic  pitch;  again,  no  general 
trend  of  damping  with  cyclic  pitch  amplitude  is  indicated. 

B.1.2  Correlation  with  Analysis 

As  discussed  previously,  analyses  were  conducted  using  Veitol's 
C-90  computer  program  to  predict  damping  levels  to  be  expected 
while  testing  the  IJMR/RTA  in  the  Ames  40 -by- BO  foot  wind  tun- 
nel . Comparisons  of  predicted  stability  levels  and  measured 
stability  levels  obtained  during  the  B?2i/RTA  tests  are  presen- 
ted below . 
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8 • 1 , 2 . 1 Hover  - Predicted  and  Test  Values  of  Damping  versus 
Rotor  Speed  and  Collective  Pitch 

Figure  8*47  shows  a comparison  of  predicted  and  test  values  of 
damping  in  hover  for  rotor  speeds  from  3 50  to  437  rpm  and  for 
collective  pitch  values  from  0 to  11  degrees.  The  qualitative 
comparisons  of  these  predicted  and  test  results  is  generally 
good:  both  show  increasing  dapping  levels  with  increasing  col- 
lective pitch  and  decreasing  damping  levels  with  increasing 
rotor  speed.  The  quantitative  comparisons  are  also  generally 
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very  good,  particularly  at  425  rpra  and  at  the  lowest  values  of 
collective  pitch  tested  (where  the  lowest  values  of  damping 
were  obtained). 

8. 1.2. 2 Forward  Flight  Test  and  Prediction  Comparison 

3. 1.2. 2.1  Test  and  Prediction  Comparison  for  Stability  at  90 
Knots 

Figure  8.48  shows  test  and  prediction  results  for  damping  ver- 
sus rotor  speed  and  collective  pitch  at  90  knots  for  a shaft 
angle  of  -6  degrees.  Data  are  shown  for  collective  pitch  val- 
ues from  0 to  10  degrees  for  predicted  results  and  for  2 to  9 
degrees  for  test  results.  Qualitative  trends  for  both  test  and 
predicted  results  are  generally  similar  to  those  seen  in  hover 
with  damping  increasing  with  increasing  collective  pitch  and 
decreasing  with  increasing  rotor  speed.  Predicted  damping 
levels  are  generally  in  good  agreement  with  test  results  at  2 
degrees  collective  pitch;  however,  predicted  damping  levels  of 
90  knots  increase  more  rapidly  with  collective  pitch  than  test 
results.  At  8 degrees  collective  pitch  and  335  rpm,  predicted 
damping  is  about  5 percent  of  critical  damping  above  test  re- 
sults. At  8 degrees  collective  and  425  rpm,  predicted  damping 
is  about  3 percent  of  critical  above  the  test  level. 

8. 1.2. 2. 2 Predicted  and  Test  Damping  Versus  Airspeed  and  Col- 
lective Pitch  at  -5  Degree  Shaft  Angle 

Figure  8.49  shows  predicted  and  test  levels  of  damping  versus 
airspeed  and  collective  pitch  at  a -6  degree  shaft  angle  and 
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425  rpia  rotor  speed  {hover  test  points  are  for  a -10  degree 
shaft  angle).  Test  data  are  shown  for  collective  pitch  values 
from  3 to  10  degrees  and  for  airspeeds  from  0 to  120  knots. 
Predicted  results  are  shown  for  collective  pitch  values  of  4 
and  8 degrees  for  airspeeds  from  0 to  180  knots.  This  predic- 
tion/test comparison  indicates: 

1)  Prediction  and  test  values  for  damping  are  in  reason- 
able agreement  between  0 and  90  knots  at  4 degrees 
collective  pitch. 

2)  Between  0 and  90  knots  the  trend  of  damping  with  air- 
speed is  similar  for  predicted  and  test  results,  but 
predicted  damping  levels  increase  more  rapidly  with 
collective  pitch. 

3)  Test  results  show  a decrease  in  damping  level  with 
increasing  airspeed  at  constant  collective  pitch 
above  90  knots,  while  predicted  damping  levels  show 
damping  increasing  with  airspeed  above  90  knots  for 
constant  collective  pitch  values. 

6. 1.2. 2. 3 Predicted  and  Test  Damping  versus  Airspeed  for  1.0  G 
Level  Flight 

Figure  8-50  shows  a comparison  of  predicted  and  test  values  of 
damping  versus  airspeed  at  1.0  G level  flight.  Test  values  are 
for  a 4500  pound  lift  and  9 square  feet  flat  plate  drag  area 
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FIGURE  8.50  TEST  AND  PREDICTED  DAMPING  VS  AIRSPEED  AT  *5oo  LB  LIFT 
AND  425  RDM  - BASELINE  CONFIGURATION 


obtained  in  a manner  identical  to  that  used  to  get  the  results 
shown  in  Figure  8.7.  Similar  trim  values  were  used  to  obtain 
predicted  values  for  damping  from  Figure  6.12  which  shows  damp- 
ing versus  airspeed  and  shaft  angle  for  4500  pounds  thrust  at 
425  rpm.  The  comparison  in  Figure  8.50  indicates  that  pre- 
dicted and  test  levels  of  damping  -ire  in  fair  agreement  for 
hover.  As  airspeed  increases,  both  test  and  predicted  values 
of  damping  decrease,  but  the  test  value  decreases  more  rapidly. 
Between  50  and  120  knots,  both  test  and  predicted  damping 
levels  increase,  but  the  predicted  damping  level  increases  more 
rapidly  with  airspeed  than  the  test  level  of  damping.  At  120 
knots,  the  test  level  of  damping  is  approximately  6 percent  of 
critical  while  the  predicted  level  is  approximately  12  percent 
of  critical  damping. 

8. 1.2. 3 Effect  of  First  Chord  Mode  Structural  Damping  on  Test 
and  Predicted  Stability 

Figures  S.51  and  8.52  shows  the  incremental  increase  in  fixed 
system  damping  for  a one  percent  increase  in  first  chord  mode 
structural  damping  in  hovar  at  425  rpm  rotor  speed  versus  col- 
lective pitch.  Figure  8.51  shows  test  and  theoretical  damping 
versus  first  chord  mode  structural  damping  at  fixed  collective 
pitch  and  rotor  speed.  The  slopar  of  these  curves  are  plotted 
in  Figure  8.52.  Test  and  predicted  levels  are  in  good  agree- 
ment, and  both  show  a sensitivity  to  collective  pitch.  Gener- 
ally, about  a 2 percent  increase  in  fixed  system  damping  is 
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CHANGE  IN  FIXED  SYSTEM  DAMPING  FOR 
A 1.0%  CHANGE  IN  CHORD  MODE 
STRUCTURAL  DAMPING  (%  CRITICAL) 
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.52  TEST  VS  PRFDICTED  EFFECT  OF  CHORD  MODE 

STRUCTURAL  DAMPING  ON  FIXED  SYSTEM  DAMPING 
VS.  COLLECTIVE  PITCH  AT  425  RPM  FOR  HOVER. 


218 


indicated  for  a 1 percent  increase  in  first  chord  mode  damping; 
in  hover  at  425  rpra  for  collective  pitch  values  from  0 to  6 
degrees . 


8.1.3  Correlation  of  BMR/RTA  Stability  Test  Data  with  Other 
BKR  Stability  Test  Data 

8.1.3. 1 Comparison  of  BMR/RTA  Stability  Data  with  Stability 

Data  from  Boeing  Vertol  BKR  Whirl  Tower  Tabes 
Figures  8.53  and  8.54  compare  BMR/RTA  hover  stability  data  with 
BMR  whirl  tower  stability  data  obtained  from  Boeing  Vertol 
tests.  Figure  8.53  shows  damping  levels  versus  collective 
pitch  from  zero  to  8 degrees  at  425  rpm;  Ames  test  data  are 
near  the  bottom  of  scatter  of  whirl  tower  test  data.  Figure 
8.54  shows  data  versus  rotcr  speed  from  350  to  420  rpm  for 
whirl  tower  data  and  for  350  to  425  rpra  for  BMR/RTA  wind  tunnel 
data.  Whirl  tower  data  are  shown  at  0 and  8 degrees  collective 
pitch.  Wind  tunnel  data  are  shown:  at  0 and  2 degrees  collec- 

tive pitch  at  350  rpm;  at  350,  375,  iOO,  and  425  rpm  at  4 and  6 
degrees  collective  pitch;  and  at  375,  400,  and  425  rpm ' at  8 
degrees  collective  pitch.  BMR  whirl  tower  and  BMR/RTA  test 
damping  data  are  generally  in  agreement  at  8 degrees  collective 
pitch.  At  350  nm,  whirl  tower  test  data  at  8 degrees  appears 
to  be  low  compared  to  what  would  have  been  expected  from  the 
wind  tunnel  test.  Whirl  tower  damping  data  at  0 degrees  col- 
lective pitch  appears  tc  be  in  agreement  with  BMR/RTA  damping 
data  obtained  at  low  collective  pitch  values. 
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FIXED  SYSTEM  DAMPING  (%  CRITICAI.) 
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8. 1.3. 2 Comparison  of  BKR/RTA  Hover  Damping  Data  with  Damping 

Data  Obtained  from  BMR/BO-105  Ground  Resonance  Test  Data 
Figures  8.55  and  8.56  show  a limited  comparison  of  BMR/RTA 
hover  stability  data  with  ground  resonance  damping  data  ob- 
tained when  the  RMR  was  tested  on  a DO-105  aircraft.  Figure 
8.55  compares  damping  versus  collective  pitch  for  ground  reson- 
ance tests  at  425  rpm.  BMR/BO-105  data  are  shewn  for  the  3MR 
on  the  DO-105  with  its  standard  landing  gear  and  for  the  BMR  on 
the  BO-105  with  a slightly  stiffened  landing  gear.  These  re- 
sults are  for  ground  resonance,  tests  on  a concrete  surface, 
comparison  of  EMR/RTA  hover  damping  and  BMR/PO-105  ground  re- 
sonance damping  indicates  that  the  BMR/RTA  generally  shows  the 
level  of  damping  and  the  trend  with  collective  pitch  indicated 
for  the  bmr/bo-105  at  normal  rotor  speed  on  concrete.  There 
are  some  variations  from  the  general  trend  of  damping  versus 
collective  pitch  seen  .in  the  3MR/BO-105  damping  data  but  not 
seen  in  the  BMR/RTA  data.  For  example,  note  the  dip  in  damping 
versus  collective  pitch  seen  just  below  4 degrees  collective 
pitch  for  the  unstiffened  gear  and  at  just  above  4 degrees 
collective  pitch  for  the  stiffened  gear.  These  "dips"  in  damp- 
ing at  certain  collective  pitch  values  might  be  due  to  coalesc- 
ing of  the  lead-lag  regressing  frequency  with  a body  mode  fre- 
quency for  the  BMR/BO-105.  Figure  8.56  shows  a comparison  of 
BMR/RTA  hover  damping  data  and  BMR/BO-105  ground  resonance 
damping  data  at  a EHK/RTA  rotor  speed  of  400  rpm  and  a BMP./BO- 
105  rotor  speed  of  404  rpm;  again  the  BMR/RTA  test  results 
agree  with  the  general  results  for  the  BMR/BO-105  except  at  a 
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FIXED  SYSTEM  DAMPING  (%  CRITICAL)' 
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FIGURE  B . 55  COMPARISON  OF  OMR/RTA  AND  BMR/BO-105  GROUND 
RESONANCE  MODE  DAMPING  VS  COLLECTIVE  PITCH 
AT  425  RPM 
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FIGURE  8.56  CO.'TFARISON  OF  EMR/RTA  AND  ENR/BO-1C5 
GROUND  RESONANCE  TEST  DAMPING  VS 
COEEECTIV'E  PITCH  NEAP.  400  RPil 
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collective  pitch  near  4 degrees.  Again  a reduction  in  damping 
for  the  BKR/BO-105  is  indicated  over  a narrow  range  of  collec- 
tive pitch  values  near  4 degrees.  The  BKR/BO-105  results  are 
for  the  BO-105  on  turf  with  the  stiffened  landing  gear.  The 
range  ox  data  for  the  BMR/BO-105  test  data  between  4 and  6 
degrees  collective  pitch  is  attributed  to  variations  in  the 
BMR/BO-105  trim  condition  and  the  degree  of  contact  between  the 
BO-1 05  landing  gear  and  the  ground. 

These  results  indicate  the  BMR/RTA  data  are  useful  for  indica- 
ting the  inherent  level  of  damping  available  from  the  rotor 
when  no  potential  for  coupled  rotor/body  mode  instability 
exists.  Stability  testing  on  the  RTA  in  the  Ames  40 -by- SO  wind 
tunnel  would  be  useful  for  determining  inherent  rotor  damping 
levels  and  for  evaluating  rotor  configuration  variations  for 
improving  stability. 

8. 1.3. 3 Comparison  of  BMR/RTA  and  BM-t/BO-105  Damping  Data 
Versus  Airspeed  for  1.0  G Level  Flight 

Figure  8.57  shows  a comparison  of  estimated  BMR/RTA  test  damp- 
ing versus  airspeed  for  level  flight  trim  conditions  at  425  rpm 
with  corresponding  data  obtained  in  the  BMR/BO-105  flight  test- 
ing. .'-iR/RTA  damping  data  are  sliyhtly  higher  at  0 and  60 
knots;  BMR/RTA  data  are  within  the  BMR/EO-105  scatter  band  at 
93  and  111  knots.  These  results  support  the  conclusion  of  the 
previous  section  that  the  EMR/RTA  tests  indicate  the  inherent 
level  of  rotor  damping  available  when  no  tendency  toward  Inst a- 


bility  exists.  No  tendency  toward  an  instability  (i.e.,  a re- 
duction in  damping  due  to  coalescence  of  a body  mode  frequency 
with  the  lead-lag  regressing  frequency)  was  indicated  during 
BKR/EO-105  hover  and  forward  flight  testing  over  a wide  range 
of  rotor  speeds  and  rates  of  climb  and  descent  (a  wide  range  of 
collective  pitch  values)  including  autorotations. 
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FIXED  SYSTEM  DAMPING  (%  CRITICAL) 
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FIGURE  8.37  COMPARISON  OF  BKR/RTA  AND  BMR/3O-105 
TEST  DAMPING  FOR  1.0G  LEVEL  FLIGHT 
AT  425  RPM 
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8.2  LOADS 


8,2.1  Definition  of  Critical  Load  Parameters 
Loads  have  been  evaluated  on  the  basis  of  measured  data  from 
blade  and  individual  beam  instrumentation,  torque  tube  chord 
and  torsion  bridges,  and  pitch  link  axial  loading.  Torque  tube 
flapping  values  were  relatively  low  throughout  the  test  and  are 
not  presented  since  torque  tube  chord  bending  was  significantly 
more  critical.  Pitch  control  component  rieasurements  (actuators, 
stationary  control  rods  and  swashplate  gages  > were  also  rela- 
tively low  throughout  the  test  and  therefore  only  pitch  link 
loads  are  presented  in  this  report. 

As  determined  by  the  measured  loads  from  the  test  compared  to 
the  endurance  limit,  the  critical  parameters  were  flexbeum  flap 
bending  and  torque  tube  chord  bending  in  the  vibratory  node. 
During  envelope  expansion,  peak  loading  was  critical  for  flap 
and  chord  bending  at  the  outboard  end  of  the  beam  and  blade  root 
flap  bending-  Stability  testing  was  limited  by  peak  torque  tube 
cnord  bending  was  critical  for  low  collective  settings.  During 
dynamic  excitations,  fatigue  endurance  limits  were  momentarily 
exceeded  in  the  chord  bending  rode.  inboard  flexbeum  sections 
were  more  critical  than  outboard  sections  and  the  blade  root 
section  was  even  less  critical-  Blade  root  torsion  steady  plus 
alternating  approached  the  Unit  load  cut-off  during  the  two 
runs  intended  to  achieve  the  maximum  possible  airspeed  (runs  IB 
and  23).  The  cut-off  for  blade  torsion  was  established  on  the 
basis  of  maximum  loads  applied  during  bench  testing.  Loading 
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to  a higher  level  would  have  established  a higher  cut-off.  In 
this  respect,  the  flexbeam  limits  are  more  critical. 

Data,  presented  in  the  load  trends  section  (3.2.2)  are  based  on 
test  results  obtained  with  the  baseline  configuration  with 
balance  dampers  in  place.  Configuration  variations  and  the  ef- 
fect of  removing  the  balance  dampers  are  discussed  in  later 
sections.  Aircraft  attitudes,  control  settings,  and  fixed 
system  measurements  have  been  obtained  from  the  static  file. 
All  vibratory  load  levels  shown  use  the  smoothed  data  as  op- 
posed to  the  raw  test  data.  This  insures  that  only  periodic 
forces  and/or  motions  are  considered  in  assessing  load  trends, 
configuration  changes  (parameter  variations),  and  correlation 
with  flight  testing. 
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8.2. V Load  Trends 

8.2  /. .1  Vibratory  Loads  in  Hover 

For  hover  testing  in  the  wind  tunnel,  the  rotor  shaft  was  tilt- 
ed nose  down  to  a -10  degree  shaft  angle  to  minimize  the  effect, 
of  recirculation  within  the  tunnel  section.  Since  it  is  not 
possible  to  completely  eliminate  recirculation  effects,  there 
are  variations  in  tunnel  flow  which  would  require  a continuous 
fine  adjustment  in  cyclic  to  maintain  minimum  1/rev  flapping. 
While  an  automated  flight  control  system  can  cope  with  such  a 
requirement,  the  manual  console  adjustment  is  a relatively 
coarse  adjustment  when  compared  with  an  automated  system. 
Coupling  the  control  adjustment  capability  with  the  inherent 
sensitivity  of  the  hingeless  rotor  to  variations  in  air loading 
does  not  contribute  to  good  repeatability  for  hover  results. 
The  variations  of  flap  and  chord  bending  moments  displayed  below 
illustrate  the  high  degree  of  sensitivity  to  control  adjustments 
for  the  hover  test  condition. 

NOHEtlT  CYCLIC  :KPUT  IN  OECFE^S 
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cnono  B2NDIHG  MOKE.NT  VS  CYCLIC  INPUT  IN  DECREES 


Due  to  the  previously  discussed  sensitivity,  the  differences  in 
shaft  attitude  between  the  wind  tunnel  and  the  aircraft,  and 
main  to  tail  rotor  interactions,  no  attempt  has  been  made  to 
correlate  wind  tunnel  data  with  flight  test  results  in  the 
hover  mode . 

With  respect  to  trends  in  the  hover  mode,  the  potential  for 
cyclic  trim  effects  being  as  significant  as  differences  between 
two  points  due  to  a change  in  a test  control  variable  (such  as 
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collective,  shaft  angle,  or  rotor  speed)  precluded  arv  attempt 
to  define  load  trends  in  the  hover  condition. 

8 . 2 . 2 . 2 Blade  Lo ad  Trends 

Figures  8.58  through  8.61  present  blade  flap  moments  as  a func- 
tion of  airspeed  for  a constant  shaft  angle  and  collective  set- 
ting. Both  midspan  and  root  sections  show  the  expected  build- 
up in  vibratory  moments  at  higher  airspeeds.  Root  section  mo- 
ments indicate  a build-up  in  magnitude  in  the  transitional 
speed  range  (20  to  60  knots).  Steady  midspan  flap  moments 
trend  from  flap  up  to  flap  down  with  increasing  airspeed  while 
steady  flap  moments  at  the  blade  root  section  are  flap  down 
throughout  the  speed  range  from  0 to  143  knots  with  a flap  down 
moment  trend  at  the  higher  airspeeds. 

Blade  flap  bending  moments  as  a function  of  collective  are  pre- 
sented for  the  test  range  of  airspeeds  in  Figures  8.62  through 
8.65.  Vibratory  flap  moments  are  most  sensitive  to  collective 
variation  at  60  knots.  The  trend  of  decreasing  vibratory  flap 
moments  with  increasing  collective  at  constant  rpm  and  shaft 
angle  for  the  blade  root  evidenced  b;  the  120  knot  data  is  not 
in  agreement  with  the  expected  trend  or  the  other  measured  flap 
bending  moments.  Steady  flap  moments  show  a trend  of  linear 
increasing  upward  flapping  with  collective  at  constant  rpm  and 
shaft  angle  as  expected.  Blade  flap  bending  at  station  55  evi- 
denced significant  variation  in  the  magnitude  of  the  4/rev 
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content  as  collective  changed  while  the  1st,  2nd  and  3rd  har- 
monics showed  little  change  with  collective  at  143  knots.  This 
lack  of  a definite  trend  at  this  airspeed  (Figure  8.64)  is  the 
result  of  significant  variations  in  the  magnitudes  of  the  4/rev 
component. 

As  a function  of  shaft  angle  at  constant  r?m  and  collective, 
vibratory  flap  moments  show  a slightly  greater  than  linear 
trend  to  increasing  values  as  the  shaft  angle  becomes  more  pos- 
itive (nose-up  for  the  RTA).  Blade  root  section  flapping  does 
not  follow  this  general  trend  at  higher  airspeeds  (120  and  143 
knots).  At  these  airspeeds,  the  effect  of  shaft  angle  was  not 
seen  because  the  rotor  was  generally  tested  to  lift  levels  below 
3500  pounds,  considerably  less  than  the  lifts  of  5300  pounds  at 
60  and  90  knots.  Figure  8.66  through  8.69  present  blade  flap 
moments  as  a function  of  shaft  angle. 

Within  the  operating  range  of  rotor  speed  no  significant  effects 
of  rotor  speed  were  observed.  In  hover,  considerable  variation 
in  vibratory  load  measurement  was  realized  as  a result  of  tunnel 
recirculation  effects,  when  plotted  as  a function  of  rotor 
speed,  considerable  variations  in  blade  root  flapping  are  evi- 
dent which  were  not  observed  with  tunnel  '!q" . 

Figures  8.70  through  8.73  present  chord  bending  as  a function 
of  airspeed  at  constant  rpm,  collectives  and  shaft  angle. 
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Vibratory  chord  bending  at  both  raidspan  and  the  root  section 
show  a significantly  higher  level  in  the  intermediate  speed  range 
(40  to  80  knots)  with  relatively  low  values  at  hover  and  143 
knots . The  higher  levels  are  not  limiting  since  values  are 
well  within  the  chord  bending  endurance  limits  of  ±8300  and 
±9400  inch-nound3  for  the  midspan  and  root  sections , respec- 
tively. Steady  chord  bending  moments  are  relatively  constant 
with  leading  edge  compression  at  midspan  and  leading  edge  ten- 
sion at  the  root. 

Blade  chord  bending  moments  as  a function  of  collective  at  con- 
stant rpm  and  collective  are  presented  in  Figures  8.74  through 
8.77.  Above  .rotor  thrust  levels  of  2000  pounds,  vibratory 
chord  bending  moments  exhibit  a relatively  rapid  build-up  with 
increasing  collective.  Eelow  2000  pounds  rotor  thrust,  chord 
moments  show  a trend  to  higher  vibratory  levels  with  lower  col- 
lective. This  low  collective  trend  is  rather  shallow  for  the 
test  data.  Steady  chord  bending  moments  for  the  midspan  sec- 
tion show  little  variation  indicating  a low  sensitivity  to  air- 
speed or  shait  angle  effects.  At  the  blade  root  section,  the 
effects  of  shaft  angle  and  airspeed  are  shown  by  the  spread 
between  the  various  combinations  plotted. 

Figures  8.78  through  8.81  present  blade  chord  bending  as  a 
function  of  shaft  ang..e  at  constant  rpra  and  collective,  vibra- 
tory chord  moments  increase  with  more  positive  shaft  angle. 
Midspan  section  steady  chord  bending  is  relatively  insensitive 
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1,  to  shaft  angle.  At  the  blade  root  section,  there  appears  to  be 

a combined  effect  of  collective  and  shaft  angle  which  gives  an 
increasingly  more  positive  chord  moment  at  143  knots. 

No  significant  effects  of  rotor  speed  were  observed  within  the 
operating  range.  During  start-up  and  shutdown  of  the  rotor,  a 
crossing  of  the  first  chcrdwise  mode  at  rpprcKimutaly  260  rotor 
rpm  resulted  in  a momentary  build-up  of  chord  bending  moments. 

Figures  8.82  and  8.83  show  the  variation  in  blade  root  torque 
as  a function  of  collective.  Load  changes  are  gradual  and  it 

t 

can  be  seen  that  for  the  vibratory  loads  there  is  a much  mere 
pronounced  effect  with  airspeed  than  with  collective.  Trends 
with  shaft  angle  are  very  gradual  also  as  shown  in  Figures  8.84 
and  8. 85. 
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S.2.2.3  Flexbeam  ho  ad  Irend3 


Flexbeam  flap  moments  as  a function  oi'  airspeed  are  presented 
in  Figures  8.86  through  S.97.  Vibratory  flap  moments  exhibit 
the  expected  trend  with  relatively  constant  vibratory  levels 
out  to  about  90  knots,  with  a knee  and  subsequent  build-up  at 
higher  airspeeds.  The  epanwise  distribution  indicates  that  the 
outboard  and  inboard  ends  are  most  critical.  The  most  critical 
location  is  span  station  44  inches  on  the  trailing  beam  (Figure 
8.88).  The  peak  load  limit  (steady  plus  vibratory)  for  this 
same  station  is  one  of  the  constraints  on  additional  envelope 
expansion.  Peak  load  limits  for  the  flexbeam  were  set  at  80% 
of  the  load  level  achieved  in  static  proof  tests.  Those  load 
levels  were  the  predicted  limit  loads  for  a 3.E>g  load  factor 
within  the  BO-105  flight  envelope.  ■ Flap  down  bending  is  the 
critical  peak  flapping  mode.  As  can  be  seen  in  the  steady  flap 
plots,  considerable  peak  value  margin  exists  in  transition  with 
critical  flap  down  steadies  occurring  at  high  airspeeds. 

Vibratory  flapping  moments  show  increases  with  higher  collec- 
tive settings  at  constant  rpm  and  shaft  angle  consistent  with 
the  build-up  in  airloads.  At  low  collective  settings,  there  is 
some  ...mall  load  build-up  reflecting  increased  sensitivity  to 
trim.  Figures  3 . 98  through  8.109  present  flap  moments  versus 
collective  pitch  for  stations  44,  18,  and  10,5  for  both  the 
leading  and  trailing  beam.  Sl^pe  differences  in  the  steady 
moments  between  leading  and  trailing  beams  reflect  the  effect 
of  twist  along  the  span  of  the  flexfcenms. 
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Total  vibratory  flexbeem  flapping  at  station  44  increases  with 
increasing  positive  shaft  angles  at  constant  rpm  and  collective, 
which  is  consistent  with  results  shown  for  the  blade  root 
section.  This  effect  is  less  pronounced  at  the  more  inboard 
fleixbeam  stations.  Data  are  presented  in  Figures  0.110  through 
8.117.  The  differences  in  load  distribution  between  the  leading 
and  trailing  beams  may  be  due  to  the  blade  clevis  rotation 
causing  a different  flap  mode  shape  in  each  beam  and  the  chord 
bending  motion  causing  differential  centrifugal  stiffening. 
These  same  effects  are  visible  in  the  steady  flap  moments  which 
exhibit  a linear  increase  in  flap  bending  as  the  shaft  angle 
becomes  more  positive. 

Flexbeam  chord  bending  moments  as  a function  of  airspeed  at  con- 
stant rpm,  collective  and  shaft  angle  are  show  in  Figures  8.118 
through  8.121.  Vibratory  chord  bending  moments  show  a signifi- 
cantly higher  level  in  the  intermediate  speed  range  (40  to  80 
knots)  with  relatively  low  values  at  hover  and  143  knots.  This 
trend  is  identical  to  the  blade  chord  bending  trend.  Inboard 
and  outboard  moments  on  beam  A (leading  beam)  indicate  ar.  "5" 
shaped  bending  mode.  Differences  between  beam  A and  beam  B 
steady  chord  moments  at  station  43  indicate  opposing  rotations 
at  the  outboard  end  of  the  flexbeams.  A potential  source  for 
this  action  is  an  assynunetric  line  of  action  of  the  centrifugal 
force  which  would  tend  to  produce  a different  mode  shape  for 
the  leading  and  trailing  beam.  The  chord  bending  gage  on  beam 
B failed  prior  to  this  phase  of  the  testing. 
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Figures  6.122  through  B.125  present  the  variation  of  fl exbeam 
chord  bending  moment  with  collective  at  constant  rpm  and  shaft 
angle.  Vibratory  moments  increase  rapidly  with  higher  collec- 
tive settings.  The  distribution  between  leading  and  trailing 
beams  tends  to  he  equal  in  the  vibratory  mode.  By  contrast, 
steady  moments  are  leading  edge  tension  ir  the  leading  beam  and 
trailing  edge  tension  in  the  trailing  beam  consistent,  with  a 
bowing  effect  across  the  tie  between  the  beams  at  the  blade 
attachment  point. 

Figures  8.126  through  8.129  present  £1 exbeam  chord  bending  mo- 
ments as  a function  of  shaft  angle  at  constant  rpm  and  collec- 
tive. Vibratory  moments  tend  to  be  shared  equally  by  the  lead- 
ing and  trailing  beams.  Outboard  chord  bending  shows  a limited 
variation  with  shaft  angle.  There  is  a general  correspondence 
between  the  midspan  versus  the  root  section  of  the  blade 
(Figures  8.78  through  8.81)  and  the  outboard  versus  the  inboard 
end  of  the  flexbeam.  The  cumulative  effects  of  shear  force  and 
twist  result  in  greater  changes  in  moments  at  the  inboard  sec- 
tions of  the  blade  and  fiexbeam  as  the  shaft  angle  is  varied  at 
constant  rpm  and  collective.  Moment  levels  at  the  outboard 
sections  show  little  or  no  change  w:  th  shaft  angle.  The  dual 
beam  concept  results  in  differential  centrifugal  forces  and 
chord  shears  between  the  leading  and  trailing  beams  with  rela- 
tively small  local  chord  moments.  Small  changes  in  the  chord 
shears  at  the  outboard  end  show  up  as  larger  changes  in  the 
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local  chord  moment  at  the  flexbeam  root  end  due  to  the  large 
moment  arm  from  station  45  in  the  inboard  end. 

During  start-up  and  shut-down  of  the  rotor,  the  one  per  rev 
crossing  of  the  first  chordwise  mode  resulted  in  momentary  chord 
bending  responses  in  excess  of  the  endurance  limit.  The  out- 
board chord  bending  was  more  critical  than  the  inboard  chord 
bending  for  this  excitation.  During  excitation  of  the  rotor 
for  stability  dat£i,  the  inboard  chord  bending  section  was  cri- 
tical, No  significant  rotor  speed  effects  were  observed  in  the 
operating  speed  range. 
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FIGURE  8.94 


VIBRATORY  FLAP  BENDING  10. 5B  VERSUS  AIRSPEED 
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FIGURE  S . 95  STEADY  FLAP  BUNDING  10. 5B  VERSUS  AIRSPEED 


V 

> ■ 

■ r 

i 

L- 

; t 


; %- 

\ V 


fef'  J 

( 


r V:: 

/'■ 

* . ’ .-  , , 


- i . . :i  ^ r - 


-■■Jfr  1 


:: 


/ 

■f- 


r.v 


i ■ ■ 


VIB_  FB7.5  (IS-LBj 


\ 

) 

; ■# 


fcNH  IN  RME5  HH-BY-B3  HIND  TUNNEL 
V 1 BHR7UHY  PLHP  BEND  I NS  7.5  VB.  RIR5PEED 


tssacf  Mas  rpm 

B DEG.  COLL, 

BHRFT  RNELE*  -10  DEG, 

X**  R BERK 
10038+  pH  g BiETHH 


-rV’v'l 


5TERDY  FE  7.S  C 1N-LEJ 


Si-  4'5oOO 


BUR  IN  RHE5  M3-BY-B0  HIND  TUNNEL 
5TEHCY  FLRP  BEND  I NE  7.S  VB . HIREPEED 


MS 5 RFH 
H DEG.  COLL 
SHHFT  FtNGLE 


- -IB  CEE. 


X*  R BERM 
p«  a hlhm 


la 

'St'S 


SB  MB 


RIR5PEED  t KNOTS > 


FIGURE  B.97  STEftDY  FLAP  RENDING  7.5  VERSUS  AIRSPEED 
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FIGURE  8.98  VIBRATORY  FLAP  BENDING  44A  VERSUS  COLLECTIVE 
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FIGURE  B.99  VIBRATORY  FLAP  BENDING  44B  VERSUS  COLLECTIVE 
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FIGURE  3. 100  STEADY  FLAP  BENDING  44A  VERSUS  COLLECTIVE 
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FIGURE  8.101  STEADY  FLAP  BENDING  44B  VERSUS  COLLECTIVE 
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FIGURE  8.102  VIBRATORY  FLAP  BENDING  18A  VERSUS  COLLECTIVE 
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FIGURE  8.103  VIBRATORY  FLAP  BENDING  18B  VERSUS  COLLECTIVE 
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FIGURE  8.104  STEADY  FLAP  BENDING  18A  VERSUS  COLLECTIVE 
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FIGURE  8.105  STEADY  FLAP  BENDING  18B  VERSUS  COLLECTIVE 
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FIGURE  8.107  VIBRATORY  FLAP  BENDING  10. 5B  VERSUS  COLLECTIVE 
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FIGURE  8.10B 


STEADY  FLAP  RENDING  10. 5A  VERSUS  COLLECTIVE 


5TEFIDY  FHIH.SE  CIN-LBJ 


HBC00? 


BMR  IN  HJ1ES  HB-BY-BS  WIND  TUNNEL 
BTER&Y  FBIS.EB  VS,  COLLECTIVE 


IBSBSt 


B302+ 


04  — ■■-  ■ ■ ■-  - ■ — t — — — f 

b a h 


E 


■4- 

B 


4 1 

IB  12 


COLLECTIVE  (DEGREES 3 

FIGURE  8.109  STEADY  FLAP  BENDING  10.5B  VERSUS  COLLECTIVE 
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FIGURE  B.110  VIBRATORY  FLAP  BENDING  44  VERSUS  SHAFT  ANGLE 
(SHEET  2 OF  2) 
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FIGURE  8.111  STEADY  FLAP  BENDING  44  VERSOS  SHAFT  ANGLE 
(SHEET  2 OF  2) 
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FIGURE  B.112  VIBRATORY  FLAP  BENDING  10  VERSUS  SHAFT  ANGLE 
(SHEET  1 OF  2) 
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FIGURE  8.112  VIBRATORY  FLAP  EENDIKG  18  VERSUS  SHAFT  ANGLE 
(SHEET  2 OF  2) 
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FIGURE  8.113  STEADY  FLAP  BENDING  18  VERSUS  SHAFT  ANGLE 
(SHEET  3 OF  2) 
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FIGURE  8.113  STEADY  FLAP  BENDING  18  VERSUS  SHAFT  ANGLE 
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FIGURE  0. 119  STEADY  CHORD  BENDING  43  VERSUS  AIRSPEED 
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FIGURE  8.122  VIBRATORY  CHORD  BENDING  43  VERSUS  COLLECTIVE 
{SHEET  2 OF  2) 
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FIGURE  d * 12 3 STEADY  CHORD  BENDIr.J  43  VERSUS  COLLECTIVE 
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VIBRATORY  CHORD  BENDING  11A  VERSUS  COLLECTIVE 
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FIGURE  8.12-9  STEADY  CHORD  BENDING  1U  VERSUS  SHAFT  ANGLE 


8. 2. 2. 4 Torque  Tube  cm  cl  Pitch  Link  Load  Trends 
Torque  tube  chord  bending  as  a function  of  airspeed  is  present- 
ed in  Figures  6.130  and '8.131.  Steady  chord  bending  ejrhibits 
only  a slight  dependence  on  airspeed  and  follows  the  same  trend 
as  steady  torsion  in  the  torque  tube.  It  appears  that  there  is 
o chardwji.se  displacement  which  is  related  to  the  torsional  ro- 
tation of  the  clevis  and  the  inherent  flap-pitch- chord  coupling. 
The  variation  with  airspeed  may  be  more  related  to  torsional 
deflection  along  the  blade  span  at  the  higher  airspeeds. 

Figures  8.132  through  8.135  present  torque  tube  torsion  and 
pitch  link  load  as  a function  of  airspeed.  These  figures  show 
a distinct  correlation  between  pitch  link  load  and  torque  tube 
torsion.  This  reflects  the  forces  required  to  produce  the  de- 
sired pitch  changes  around  the  azimuth  by  rotation  of  the 
attachment  clevis. 

Figures  S.126  and  8.137  present  torque  tube  chord  bending  trends 
as  a function  of  collective  at  constant  rpm  and  shaft  angle. 
There  is  a nearly  linear  increase  in  vibratory  chord  bending 
that  reaches  the  endurance  limit  within  the  test  range  of  col- 
lective . Peak  chord  bending  moments  ( r. teady  plus  vibratory ) 
are  limiting  on  the  low  side  of  the  desired  collective  range 
and  prevented  stability  evaluation  at  zero  collective. 
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Vibratory  pitch  link  load  and  torque  tube  torsion  show  a strong 
dependence  on  collective  at  constant  ipra  and  shaft  angle  far 
all  forward  airspeeds.  A very  pronounced  dependence  on  collec- 
tive is  shown  in  the  steady  pitch  link  load  and  torque  tube 
torsion,  which  varies  directly  with  collective  sett:.  Figures 
8.138  through  8.141  display  measu:  ^d  loads  versus  collective 
for  torque  tube  torsion  and  axial  pitch  link  load. 

Figures  8.142  and  8.143  present  torque  tube  chord  bending  ver- 
sus shaft  angle  at  constant  rpm  and  collective.  Shaft  angle 
variations  produce  relatively  little  change  in  either  vibratory 

l 

or  steady  chord  bending.  The  most  pronounced  effect  is  due  to 
airspeed  or  collective  changes.  This  reinforces  the  concept  of 
a lag  displacement  related  to  clevis  rotation  and  the  corres- 
ponding wind-up  between  the  flexbeam  attachment  points. 

Torque  tube  torsion  and  pitch  link  load  trends  with  shaft  angle 
are  presented  in  Figures  8.144  through  8.147.  Vibratory  loads 
show  a linearly  increasing  trend  with  more  positive  shaft 
angles.  Steady  loads  show  a slight  influence  of  shaft  angle  at 
143  knots  airspeed  only. 
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STEADY  PITCH  LINK  LOAD  VERSOS  COLLECTIVE 
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8 . 2 . 2 . 5 Configuration  Changes 

The  configuration  changes  were  evaluated  in  hover  and  forward 
speed.  These  configuration  changes  were  made  to  investigate 
their  effect  on  aeroelastic  stability.  The  first  configuration 
tested  incorporated  a set  of  "soft'*  pitch  links  with  a reduced 
axial  spring  rate  (5755  lb/in  vs  26,666  Ib/in  for  the  baseline 
configuration).  The  overall  effect  of  the  change  was  an  11% 
reduction  in  control  system  stiffness.  The  addition  of  elas- 
tomeric damper  strips  to  the  upper  and  lower  flanges  of  bo  tlx 
the  leading  and  trailing  beams  was  the  second  configuration 
change  to  be  tested.  In  addition  to  the  configuration  changes, 
the  effect  of  removing  the  AMSS  tunnel  balance  dampers  was  in- 
vestigated. 

Similar  results  were  obtained  for  the  "soft  pitch  links'*  and 
"damper  strips  installed"  configurations.  Both  the  blade  pitch 
at  the  beam-to-blade  attachment  and  the  division  of  the  vibra- 
tory blade  torgue  between  the  control  system  and  flexbeams  are 
dependent  upon  the  relative  stiffness  between  the  torque  tube/ 
control  load  path  and  the  flexbeam  flapwioa  bending  which  re- 
strains torsional  rotation  of  the  clevis  relative  to  the  rotor 
hub.  This  effect  can  be  seen  in  the  data  presenter  for  these 
two  configurations  and  compared  to  the  baseline  in  Figures 
8.148  through  8.171.  Total  vibratory  flap  bending  at  station 
44  was  obtained  by  adding  the  10  harmonics  (including  effect  of 
phase  angle)  for  beams  A and  B and  reconstituting  the  resultant 
harmonics  for  total  flap  bending. 


» 
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1 

V . In  considering  the  effect  of  the  relation  between  the  control 

loads  path  and  flexbeani  stiffness  on  pitch  angle,  at  the  blade 
attachment  clevis,  it  is  instructive  to  consider  two  extremes. 
If  the  fl exbeams  were  completely  rigid,  then  the  control  actu- 
ator motion  would  produce  wind-up  in  the  torque  tube  with  no 
rotation  of  the  clevis.  On  the  other  hand,  very  flexible  flex- 
beams  would  result  in  almost  no  wind-up  in  the  torque  tube  as 
the  control  actuator  motion  would  go  directly  into  clevis  rota- 
tion. It  can  be  concluded  from  these  two  extremes  that  any 
modification  which  increases  the  stiffness  of  the  flexbeams  (in 
the  vertical  bending  mode  which  restrains  clevis  rotation) 
relative  to  the  torque  tube/pitch  link  will  have  the  effect  of 
reducing  the  blade  clevis  rotation  for  the  same  control  input. 

A comparison  of  rotor  lift,  as  reported  in  the  static  file  is 
presented  in  the  following  tabulation  for  a nominal  collective 
setting  of  4 degrees: 
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■> ::  -i Lti , . '*■  J . v.  "■■■V.: ■ - - :l i ; r. :^  i^'Vj  vy  >o; ■ 


ROTOR  LIFT  (Lbs) 


Rotor 

Speed 

(RPM) 

Baseline 
Coixf  i gurat  i on 

Soft  Pitch 
Links 

Daraper  Stripe 
Installed 

Baseline 
3.2°  Coll 

335 

1162 

802 

887 

400 

1727 

13S7 

1377 

425 

2392 

1652 

15G7 

1773 

In  Figures  8 > 148  through  8 . 171 , shifts  in  steady  load  levels 
are  consistent  with  a lower  blade  pitch  angle  for  the  configur- 
ation variations.  This  is  most  evident  at  425  rpm.  The  one 
exception  to  this  trend  is  chord  bending  at  station  11  with 
damper  strips  installed  * For  this  case  , the  increased  chord 
bending  stiffness  . results  in  a shift  in  the  steady  moments  in 
the  opposite  direction  of  reduced  collectives. 

A baseline  data  point  (run  15,  test  point  4,  90  hnots,  -6°  shaft 
angle)  with  3.2  degrees  collective  was  super imposed  on  Figures 
S-148  - 8.171,  This  point  was  chosen  because  the  resultant  lift 
is  similar  to  the  lift  values  for  the  configuration  changes  at 
425  rpm.  This  point  shows  the  effect  of  a coilec live  change 
only  on  the  baseline  configuration.  It  can  be  seen  that  the 
shifts  in  steady  moments  due  to  the  configuration  changes  are 
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compatible  with  the  shift  due  to  a reduction  in  blade  pitch.  In 
view  of  the  reduction  in  lift  for  the  configuration  changes  com- 
pared to  the  baseline  a/ud  the  shift  in  steady  moments,  it  can 
be  concluded  that  the  blade  pitch  angl«c  were  lower  for  the  con- 
figuration changes  for  the  came  control  input. 

Shifts  in  vibratory  load  levels  are  consistent  with  changes  in 
blade  pitch  except  for  flap  bending  at  station  10.5.  At  this 
station  there  is  a significant  reduction  in  1/rev  flap  bending 
while  Figures  8.106  and  0.107  do  not  show  this  sensitivity  to 
collective. 

The  waveforms  for  station  10.5  at  425,  400  and  335  rpm  are 

plotted  in  Figures  8.186  - 8.135. 

Steady  torque  tube  torsion  is  increased  consistent,  with  a smal- 
ler rotation  at  the  outboard  attachment  for  the  same  displace- 
ment at  the  pitch  arm.  (An  increase  in  the  wind-up  along  the 
torque  tubs  for  both  soft  pitch  links  and  damper  strips  in- 
stalled). A compressive  pitch  link  load  increment  is  required 
to  achieve  a more  nose-up  torque  tube  torsion  (increased 
wind-up).  Figure  8.169  shows  this  shift. 
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FIGURE  8.151  EFFECT  OF  SOFT  PITCH  LINKS  AND  DAMPER  STRIPS 
STEADY  FLAP  BENDING  44  BEAM  A VS  ROTOR  SPEED 
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FIGURE  8.153  EFFECT  OF  SOFT  PITCH  LINKS  AND  DAMPER  STRIPS 
STEADY  FLAP  BENDING  BEAM  3 VS  ROTOR  SPEED 
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FIGURE  8.155  EFFECT  OF  SOFT  PITCH  LINKS  AND  DAMPER  STRIPS 
STEADY  FLAP  SENDING  44  (TOTAL)  VS  ROTOR  SPEED 
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VIBRATORY  FLAP  BENDING  10.5  BEAM  A VS  ROTOR  SPEED 
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FIGURE  8.157  EFFECT  OF  SOFT  PITCH  LINKS  AND  DAMPER  STRIPS 

STEADY  FLAP  BENDING  10.5  BEAM  A VS  ROTOR  SPEED 
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FIGURE  8.158  EFFECT  OF  SOFT  PITCH  LINKS  AND  DAMPER  STRIPS 

VIBRATORY  FLAP  BENDING  10.5  BEAM  B VS  ROTOR  SPEED 
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FIGURE  8.159  EFFECT  OF  SOFT  PITCH  LINKS  AND  DAMPER  STRIPS 

STEADY  FLAP  BENDING  10.5  BEAM  B VS  ROTOR  SPEED 
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FIGURE  0.160  EFFECT  OF  SOFT  FITCH  LINKS  AND  DAMPER  STRIPS 

VIBRATORY  CHORD  BENDING  43  BEAM  A VS  ROTOR  SPEED 
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FIGURE  3.161  EFFECT  OF  SOFT  PITCH  LINKS  AND  DAMPER  STRIPS 
STEADY  CHORD  RENDING  43  BEAM  A VS  ROTOR  SPEED 
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FIGL'RE  8.162  EFFECT  CF  SOFT  FITCH  LINKS  AND  DAMPER  STRIPS 

VIBRATORY  CHORD  DEN DING  11  BEAM  A VS  ROTOR  SPEED 
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FIGURE  0.163  EFFECT  OF  SOFT  FITCH  LINKS  AND  DAMPER  STRIPS 
STEADY  CHORD  BENDING  II  BEAM  A VS  ROTOR  SPEED 
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FIGURE  S.I64  EFFECT  OF  SOFT  PITCH  LINKS  AND  DAMPER  STRIPS 
VIBRATORY  TORQUE  TUBE  TORSION  VS  ROTOR  SPEED 
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FIGURE  8.155  EFFECT  OF  SOFT  PITCH  LINKS  AND  DAMPER  STRIPS 
STEADY  TORQUE  TUBS  TORSION  VS  ROTOR  SPEED 
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EFFECT  OF  SOFT  PITCH  LINKS  AND  DAMPER  STRIPS 
VI DILATORY  BL/iDE  TORSION  65  VS  ROTOR  SPEED 
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FIGURE  8.167  EFFECT  OF  SOFT  FITCH  LINKS  AND  DAMPER  STRIPS 
STEADY  SLADE  TORSION  C5  VS  ROTOR  SPEED 
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FIGURE  8.163  EFFECT  OF  SOFT  PITCH  LINKS  AND  DAMPER  STRIPS 
VIBRATORS  PITCH  LINK  LOAD  VS  ROTOR  SPEED 
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FIGURE  8.169  EFFECT  OF  SOFT  PITCH  LINKS  AND  DAMPER  STRIPS 
STEADV  PITCH  LINK  LOAD  VS  ROTOR  SPEED 
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FIGURE  8.170  EFFECT  OF  SOFT  PITCH  LINKS  AND  DAMPER  STRIPS 
VIBRATORY  TORQUE  TUBE  CHORD  3ENDING  VS 
ROTOR  SPEED 
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FIGURF  S * 171  EFFECT  OF  SOFT  PITCH  LINKS  AND  DAMPER  STRIPS 

STEADY  TORQUE  TUBE  CHORD  BENDING  VS  ROTOR  SPEED 
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8. 2. 2. 5.1  Soft  Pitch  Links 

In  addition  to  tbs  plots  in  the  previous  section,  the  soft  pitch 
link  effect  is  also  exhibited  by  the  harmonic  content  as  shown 
in  Figures  8.172  through  8.173.  While  the  total  vibratory  loads 
show  a significant  reduction  in  flap  bending  at  station  10.5 
only,  tile  harmonic  content  shows  significant  reduction  in  1/rev 
loading  for  both  flexbeam  flap  bending  stations  (10.5  and  44). 
There  is  also  significantly  more  2/rev  content  at  station  10.5. 
In  addition,  axial  pitch  link  load  shows  significant  changes, 
with  an  increase  in  B/rev  and  10/rev  at  400  rpm  and  a decrease 
in  1/rev  at  all  rotor  speeds  tested.  A comparison  of  the  pitch 
link  axial  load  and  the  torque  tube  torsion  shows  that  there  is 
not  a direct  correspondence  in  the  vibratory  response. 
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FIGURE  S<1?2  FLAP  BENDING  STATION  44  BEAM  A - HARMONIC  CONTENT  FOR 
BASELINE  & SOFT  P1TCU  LINKS 
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FIGURE  8.173 


FLAP  BENDING  STATION  1-1.5  BEAM  A 
FOR  EASELTHE  6 COl-T  PITCH  LINKS 
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IGURE  8.174 


CHORD  BENDING  STATION  43  BEAM  A ~ HARMONIC 
CONTENT  COR  BASELINE  & SOFT  PITCH  LINKS 
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CHORE  BENOILG  STATION  11  BEAM  A - ilARKCNIC  CONTENT 
FOR  BASELINE  5 SOFT  FITCH  LINKS 
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FIGURE  8.17G 


PITCH  LINK  AXIAL  LOAD  - HARMONIC  CONTENT  FOR 
BASELINE  & SOFT  PITCH  LINKS 
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-■  IGURE  8. 177  TORQUE  TUBE  TORSION  - HARMONIC  CONTENT  FOR  BASELINE  jj 
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FIGURE  8.178  TORQUE  TUBE  CHORD  BENDING  - HARMONIC  CONTENT  FOR 
BASELINE  & SOFT  PITCH  LINKS 
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8. 2. 2. 5. 2 Effect  of  Damper  Strips 

As  noted  previously,  there  are  similarities  between  the  soft 
pitch  link  configuration  • and  the  damper  strip  configuration. 
Harmonic  content  for  the  effect  of  damper  strips  is  shown  in 
Figures  8.179  - 8.165.  The  damper  strips  also  show  significant 
reductions  in  1/rev  flap  bending  (station  10.5  and  44) , changes 
in  1/rev  and  3/rev  chord  bending  whose  direction  is  dependent 
upon  the  operating  rotor  speed,  and  the  lack  of  a direct  cor- 
respondence between  vibratory  pitch  link  load  and  torque  tube 
torsion. 

On  the  other  hand,  the  pitch  link  vibratory  content  shows  sub- 
stantially less  change  relative  to  the  baseline  configuration. 

For  both  conf igurat.ions , the  significant  torque  tuba  chord  bend- 
ing is  limited  to  1/rev  and  3/rev  moments. 
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FIGURE  8.179  FLAP  BENDING  STATION  44  BEAM  A - HARMONIC  CONTENT  FOR 
BASELINE  & DAMPER  STRIPS  INSTALLED 


FLAP  BENDING  MOMENT  STA  10. 5A  (IN-LB) 


12  3456  78  9 10 


HARMONIC  NUMBER 

FIGURE  8.180  FLAP  BENDING  STATION  10.5  BEAM  A - HARMONIC  CONTENT 
FOR  BASELINE  & DAMPER  STRIPS  INSTALLED 
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FIGURE  8.181  CHORD  SENDING  STATION  43  BEAM  A - HARMONIC  CONTENT 
FOR  BASELINE  & DAMPER  STRIPS  INSTALLED 
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FIGURE  8. 132  CHORD  BENDING  STATION  11  BEAM  A - HARMONIC  CONTENT 
FOR  BASELINE  £ DAMPER  STRIPS  INSTALLED 
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FIGURE  8*183 


PITCH  LINK  AXIAL  LOAD  - HARMONIC  CONTENT  FOR  BASELINE 
& DAMPER  STRIPS  INSTALLED 
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FT CURE  8.185  TORQUE  TUBE  CHORD  BEDDING  - HARMONIC  CONTENT  FOR 
. BASELINE  & DAMPER  ST3UPS  INSTALLED 


8. 2. 2. 5. 3 Effect  of  Balance  Dampers 

In  evaluating  the  effect  of  removing  the  wind  tunnel  balance 
dampers  on  rotor  locds  as  a function  of  rotor  speed,  no  signifi- 
cant trends  were  observed.  Flap  and  chord  bending  moments 
versus  rpm  are  presented  for  the  inboard  and  outboard  ends  of 
the  flexbeaius  in  Figures  8.189  through  8.196. 

Figures  S.197  through  8.201  display  the  effect  of  removing  the 
balance  dampers  as  a function  of  collective  variation  in  hover 
at  constant  rpm.  Only  flap  bending  moments  on  either  side  of 
the  blade  attachment  clevis  show  significant  change.  There  are 
two  significant  effects  in  vibratory  moments.  Steady  flap 
bending  shows  no  major  change.  (Steady  FBS5  shews  no  change 
and  is  not  presented). 

One  of  tiles e changes  occurs  at  the  lower  end  of  the  collective 
range  (4®  with  dampers  removed  versus  4.5'*  for  the  baseline). 
With  the  dampers  removed,  there  is  a substantial  increase  in 
flap  bending  moment  at  the  4“  collective  setting.  This  in- 
crease is  related  to  trim  as  shown  in  the  following  table: 


Damper  Configuration 

OH 

OFF 

Shaft  Angle 

-10° 

-10® 

Collective 

4*5° 

4° 

Cyclic  A^ 

-0,9° 

-0.7° 

Bi 

0.1° 

0.3“ 

Fixed  System  foments 

Fitch 

333 

-92 

(FT- LB) 

Roll 

-170 

-1507 

338 

c - 

t >,  t-  f.-wj  -i^-r  :-r^Ps' t T 

‘?TTr";T*  ^ h i T 

The  large  discrepancy  in  roll  sclents  exists  only  £or  the  4" 
collective  setting. 

The  other  change  is  a steeper  slope  (change  in  flap  bending 
moment  ♦ change  in  collective)  for  FB10-5,  FB44,  and  FB55. 
This  change  is  more  pronounced  at  the  stations  either  side 
of  the  blade  to  flexbeam  attachment  clevis  (FB44  and  FB55 ) . 
It  voulr.  appear  that  the  balance  dampers  have  an  influence 
on  the  response  of  the  concentrated  mass  at  the  clevis. 

Figures  0.202  through  8.206  present  steady  and  vibratory  flap 
bending  for  stations  7.5  and  44  plus  steady  flap  bending  for 
the  blade  at  station  55  at  the  90  knot  test  condition.  Changes 
in  vibratory  flapping  with  balance  damper  removal  are  less 
pronounced  than  they  were  in  the  hover  condition.  Xhere  is 
a more  significant  change  in  steady  flap  bending  moments. 
Steady  flap  bending  changes  in  FB7.5  and  r B55  would  suggest 
an  increase  in  coning  (lift)  with  the  balance  dampers  removed. 
Corrected  rotor  lift  values  from  the  static  file  indicate  that 
higher  rotor  lifts  were  obtained  for  a given  collective  set- 
ting during  the  testing  in  which  the  balance  dampers  were 
removed.  It  appears  that  there  was  some  shift  in  the  measured 
actuator  position  relative  to  the  actual  collective  setting 
for  this  90  knot  collective  sweep. 
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FIGURE  8.186 


EFFECT  OF  DAMPER  STRIPS  ON  FLAP  BENDING 
WAVEFORM  AT  425  RPM 
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FIGURE  8.188  EFFECT  OF  DAMPER  STRIPS  ON  FLAP  BENDING 
WAVEFORM  AT  335  RPM 
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FIGURE  8.190  EFFECT  OF  BALANCE  DAMPERS  - STEADY  FLAP  EENDIWG 
7.5  VERSUS  ROTOR  SPEED 
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FIGURE  8.192  EFFECT  OF  BALANCE  DAMPERS  - STEADY  FLAP  BENDING 
< 44  VERSUS  ROTOR  SPEED 
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FIGURE  8.196  EFFECT  OF  BALANCE  HAMPERS  - STEADY  CHORD  BENDING 
* 43A  VERSUS  ROTOR  SPEED 
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FIGURE  8,198  EFFECT  OF  BALANCE  DAMPERS  - STEADY  FLAP  BENDING 
7.5  VERSUS  COLLECTIVE 
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FIGURE  8.199  EFFECT  OF  BALANCE  DAMPERS  - VIBRATORY  FLAP  BENDING 
44  VERSUS  COLLECTIVE 
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FIGURE  8.200  EFFECT  OF  BALANCE  DAMPERS  t-  STEADY  FLAP  BENDING 
44  VERSUS  COLLECTIVE 
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FIGURE  8.201  EFFECT  OF  BALANCE  DAMPERS  - VIBRATORY  FLAP  BENDING  55 
VERSUS  COLLECTIVE 
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FIGURE  8.202  EFFECT  OF  BALANCE  DAMPERS  - VIBRATORY  FLAP  BENDING 
7.5  VERSUS  COLLECTIVE 
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FIGURE  8.204  EFFECT  OF  BALANCE  DAMPERS  -r  VIBRATORY  FLAP  BENDING 
44  VERSUS  COLLECTIVE 
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8.2.3  Correlation  With  Flight  Test  Loads 
8 , 2 . 3 , 1 Blade  Loads 

In  order  to  obtain  this  correlation,  control  inputs  during  the 
test  were  adjusted  to  give  thrust,  propulsive  force,  and  1/rev 
flap  moments  comparable  to  flight  test  measurements.  The  fig- 
ures in  this  section  present  this  correlation  for  a 1G  forward 
flight  airr-ieed  cweap- 

Blade  flapping  shows  excellent  correlation  with  the  exception 
of  steady  flap  moments  at  midspan  (station  110),  The  vibratory 
moment  at  midspan  and  moments  at  the  blade  root  are  significant- 
ly higher  and  would  bo  expected  to  be  more  reliable.  Blade 
flapping  moments  are  presented  in  Figures  8,207  through  8.210. 

Figures  8,211  through  8,214  present  blade  chord  bending  moments. 
There  is  relatively  goad  correlation,  with  the  flight  test  data 
slightly  higher  than  the  wind  tunnel  data. 

Vibratory  blade  torque  shows  very  good  correlation  while  steady 

■ 

blade  torques  show  somewhat  higher  nose  down  pitching  for  the 
wind  tunnel  measurements  ( Figures  Q . 215  and  8.216).  With  the 
good  match  in  steady  blade  torque  trend  with  airspeed  (neglect- 
ing offset) , there  is  a possibility  that  steady  blade  torques 
for  flight  test  are  not  correctly  adjusted  for  the  static  1G 
urain  level . 
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FIGURE  8.216 


FLIGHT  TEST  CORRELATION  - STEADY  TORSION 
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8, 2. 3. 2 Flexbcam  Leads 

Figures  8.217  through  8.226  present  flexbeara  flap  bending  cor- 
relation. In  general,  there  is  - olatively  good  agreement  for 
vibratory  flap  bending.  At  30  knots,  there  is  a substantial 
4/rev  component  of  flap  bending  while  at  90  and  110  knots  the 
4/rev  component  of  flap  bending  is  very  small,  "ombined  1/rev 
and  4/rev  flap  bending  at  30  kn'  ts  produces  higher  total  flap 
bending  relative  to  the  higher  airspeeds.  This  build-up  is 
greater  in  the  wind  tunnel  test  data  than  it  is  in  the  flight 
test  data.  Since  the  trim  requirements  for  the  UTA  model  are 
different  than  for  the  BQ-105  helicopter,  the  lg  rotor  forces 
(propulsive  force  and  lift)  are  matched  with  different  control 
input  and  shaft  angle  settings.  As  a result  of  these  differ- 
ences , the  4/rev  flap  response  in  the  Ames  wind  tunnel  would 
not  be  expected  to  be  identical  to  the  4/rev  flap  response 
experienced  in  flight  test.  On  the  other  hand,  the  1/rev  flap- 
ping in  the  wind  tunnel  was  forced  to  match  the  1/rev  flapping 
in  flight  rest  as  a result  of  control  input  and  shaft  angle 
changes  made  to  obtain  identical  1/rev  flapping. 

At  each  of  the  three  flap  bending  stations,  steady  flap  moments 
show  similar  trends  with  airspeeds  but  with  an  offset  in  magni- 
tude between  wind  tunnel  and  flight  test  data.  Differences  in 
steady  flap  moments  probably  reflect  the  more  negative  shaft 
angles  in  the  wind  tunnel  testing.  Figure  8.227  presents  a 
comparison  of  typical  flight  test  shaft  angle  versus  shaft  angle 
required  to  obtain  R/D  = 0 in  the  wind  tunnel. 
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At  the  fixed  ends  of  the  flexbean,  chord  beading  vibratory 
moments  are  in  good  agreement  out  to  90  knots.  Flight  test  data 
shows  a rapid  build-up  at  120  knots  which  was  not  experienced 
in  the  wind  tunnel  testing.  At  the  higher  airspeeds,  the  rotor 
is  more  sensitive  to  changes  in  shaft  angle.  Steady  moments  at 
the  outboard  section  show  both  differences  in  magnitude  and 
trend  for  the  leading  beam.  Leading  beam  moments  are  in  agree- 
ment at  the  inboard  section.  Chord  bending  correlation  is  pre- 
sented in  Figures  3.220  through  8.231  for  beam  A only,  since 
the  gage  on  beam  B was  inoperative. 
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8. 2. 3. 3 Torque  Tube  and  Pitch  Link  Loads 

Figures  8.232  through  8.235  present  torque  tube  chord  bending 
and  pitch  link  load  correlation.  Vibratory  chord  bending  mo- 
ments show  good  agreement  between  wind  tunnel  and  flight  test. 
By  contrast,  steady  chord  bending  shows  very  little  correlation. 
Stead?;  chord  bending  does  vary  inversely  with  collective  which 
is  the  relationship  demonstrated  for  all  wind  tunnel  testing. 

Both  vibratory  and  steady  pitch  link  load  trends  are  consistent 
with  flight  test  data.  Magnitudes  are  consistently  greater  for 
flight  test  data  over  the  airspeed  test  range  reflecting  the 
higher  collective  as  shown  in  Figure  8.236. 
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LOAD  VERSUS  AIRSPEED 


6.2.4 


Correlation  With  Analysis 


The  1G  speed  sweep  was  selected  for  correlation  of  the  ET4R/RTA 
loads  data  with  the  flap  and  chord  moments  predicted  by  the 
Boeing  Vertol  computer  program  C-60.  Flap  moments  were  calcu- 
lated along  the  span  for  both  the  flexbeam  and  the  blade.  For 
chord  bending,  loads  were  calculated  using  equivalent  single 
beam  properties  in  C-60.  In  addition,  a separate  program  was 
used  to  evaluate  local  chord  bending  for  the  dual  beam  config- 
uration using  boundary  conditions  consistent  with  the  C-60 
analysis. 

Figures  6.237  and  8.238  present  correlation  of  flap  moments. 
Very  good  agreement  was  obtained  for  both  the  steady  and  vibra- 
tory flap  moment  distribution.  In  the  chord  bending  mode,  the 
correlation  with  measured  blade  moments  is  shown  in  Figures 
8.239  and  8.240.  The  corresponding  correlation  for  the  dual 
beam  computer  analysis  is  presented  in  Figures  0.241  and  8.242. 
Both  the  dual  beam  and  the  full  blade  program  (C-60)  signifi- 
cantly underpredict  the  measured  chord  bending  moments  along 
the  span.  These  figures  suggest  the  dual  beam  local  chord 
moment  is  dependent  on  the  C-60  moments  at  the  flexbeam-to- 
blade  attachment  point.  In  comparing  the  deflection  and  slopes 
for  the  dual  beam  with  applied  moments  and  shears  from  C-60,  it 
is  indicated  that  an  incompatibility  with  deflections  and 
slopes  in  the  full  blade  program  exists.  Thus,  the  dual  beam 

f 

local  moment  distribution  is  dependent  on  the  blade  mode  shape 
as  well  as  the  shear  and  moment  distributions.  Additional 
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effort  is  required  to  develop  a good  chord  bending  analysis 
with  compatible  boundary  conditions.  Local  beam  correlation  at 
the  110  knot  condition  is  presented  in  Figures  6.243  and  6.244 
to  give  an  indication  of  the  degree  of  correlation  at  the 
higher  airspeeds  as  well  as  at  30  knots. 
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CORRELATION  WITH  ANALYSIS  - STEADY 
CHORD  MOMENT  AT  110.6  KNOTS 


0.3  PERFORMANCE 


Hub  Tarea 

Data  for  the  hub  tares  was  taken  with  the  flcxbeaps  on  and  the 
blades  removed-  Speeds  of  60,  120  and  130  knots  were  evaluated 
with  the  cnaft  angle  ranging  from  -10  degrees  to  +10  degrees. 
Presented  in  Figure  Q.245  are  the  drag  resitlt3  along  with  an 
estimate  made  of  the  EMR/BO-1Q5  hub  drag  using  the  BO-105  base- 
line test  data  at  120  knots  (jj  = .23).  The  pretest;  estimate  of 
2 

4.41  ft.  at  a shaft  angle  of  -2.3  degrees  (theoretical  trim 

2 

value)  is  lower  than  the  measured  value  of  4.75  ft P . It  is 
also  evident  that,  at  higher  speeds,  the  lift  is  not  very  sen- 
sitive to  variations  in  shaft  angle  as  indicated  m Figure 
8.245. 

Hover 

Hover  testing  was  conducted  at  a shaft  angle  of  -10°  to  mini- 
mize the  effects  of  the  tunnel  floor  and  walls  on  the  flow  en- 
vironment around  the  rotor.  This,  however,  eventually  produced 
recirculation  in  the  tunnel  test  section.  Referencing  FAA  Re- 
port 8110 . 32 , "Engineering  Flight  Test  Guide  ,ror  Transport 
Category  Helicopters",  acceptable  wind  speeds  for  hover  testing 
are  between  0 and  3 knots  for  OGE,  IGE  and  tie-dowr-  conditions. 
For  this  test,  the  rotor  was  26  ft.  above  the  tunnel  floor  which 
puts  the  rotor  in  ground  effect  (h/D  ~ .307). 

Only  the  low  speed  test  points  (V  i 3.5  kts ) were  selected  for 
analysis.  Figure  3.246  displays  Cp/cr  as  a function  of  C^/g 
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with  a s moo tii  curve  drawn  through  the  data.  Also  shown  on  the 
plot  is  the  theoretical  prediction  which  shows  the  measures 
power  4.3%  higher  than  the  predicted  power  at  5000  pounds 
thrust,  which  corresponds  to  the  takeoff  gross  weight  of  the 
BO-105/BMR. 

Forward  Flight 

Since  the  objective  of  the  test  was  primarily  to  obtain  stabil- 
ity data,  most  of  the  testing  was  performed  at  the  minimum  col- 
lectives where  aeroelastic  stability  is  lowest.  In  addition, 
shaft  angles  selected  for  testing  were  not  based  on  marching 
the  aircraft  flat  plate  drag  area.  Therefore,  there  is  a very 
limiw  d amount  of  test  points  which  match  both  aircraft  lift 
and  propulsive  force  values  simultaneously.  Because  of  this, 
no  correlation  with  flight  rest  data  is  possible. 

The  data  was  analyzed  at  four  (i)  different  forward  flight 
speeds,  60,  00,  120  and  144  knots  and  a constant  tip  speed  of 
717  ft/sec.  A theoretical  prediction  was  then  made  using  the 
Rotor  Analysis  program  B-67  and  the  results  were  compared  with 
the  test  results.  The  measured  values  of  velocity,  shaft  angle, 
thrust,  temperature,  lateral  and  longitudinal  cyclics  were 
taken  from  the  test  data  and  used  as  program  inputs . 
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During  the  teat,  the  rotor  was  triususd  to  zero  flapping  (lateral 
and  longitudinal  flapping  coefficients  equal  to  zero)  using  a 
flap  bending  gage  located  at  station  14.25  inches  radius. 
Another  indication  that  the  rotor  is  trimmed  to  zero  flapping 
is  that  the  pitching  moments  are  near  zero.  An  examination  of 
the  equation  for  pitching  moment  shows  that  when  the  flapping 
coefficients  are  zero  there  is  still  a small  moment  due  to  con- 
ing and  cyclic  pitch,  therefore  pitching  moment  will  not  be 
equal  to  zero.  Figures  0.247  - 8.250  present  the  plots  of  lift 
coefficient  (CLR/o)  versus  pitching  moment  coefficient  (CpK /o) 
used  to  analyze  the  trim  of  each  test  point.  At  all  speeds  the 
rotor  was  trimmed  to  near  zero  flapping  and  the  theory  and  the 
test  data  show  good  agreement. 


Performance  of  the  rotor  is  examined  in  Figures  8.251  - 8.254 

in  the  form  of  lift  coefficient  (d^/o)  versus  l.i£t-*to-ef fective 

drag  ratio  (t/De)  plots.  At  low  speeds,  the  trends  appear  as 

expected  and  the  predictions  agree  very  well  with  test  data. 

As  speed  increases,  tire  theory  begins  to  overpredict  the 

measured  L/D  . 

e 


The  drag  polars  appear  in  Figures  8.255  - 8.258.  There  is  a 
good  correlation  between  theory  and  test  data  for  all  but  the 
144  knots  condition  as  shown  in  the  plots  of  lift  coefficient 
(CLR/o)  versus  effective  drag  coefficient  (CDe/o). 
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Plots  of  lift  coefficient  (C^/o)  versus  propulsive  force  coef- 
ficient (Csfi/a}  and  power  coefficient.  (Cp/c)  versus  propulsive 


force  coefficient  are  shown  in  Figures  £3.25$  - 8.266,  The 
trends  appear  to  be  as  expected,  following  the  theoretical  data 
but  with  a magnitude  shift  in  propulsive  force.  Plots  of  lift 
coefficient  versus  power  coefficient  (C^/a)  (Figures 
8.267  - 8.270)  show  the  test  data  and  theory  to  be  almost  iden- 
tical . 
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FIGURE  8.254  LIFT  COEFFICIENT  VERSUS  b/D  AT  144  KNOTS 
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LIFT  COEFFICIENT  VERSUS  DRAG  COEFFICIENT  AT  6C  KNOTS 
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FIGURE  8.268  LIFT  COEFFICIENT  VERSUS  POWER  COEFFICIENT 
AT  90  KNOTS 
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8.4  FLYING  QUALITIES 

In  order  to  better  understand  the  nature  of  crose-axifl  coupling 
during  maneuvers,  it  is  helpful  to  know  how  the  rotor  behaves 
during  a rapid  change  in  control  settings.  Decause  this  deals 
with  rotor  transients,  it  is  necessary  to  know  the  rotor  system 
activity  as  a function  of  azimuth  at  each  instant  in  time, 
specifically,  it  ic  desirable  to  know  the  flap  and  chord  bending 
moment  for  each  individual  blade  versus  time  during  a control 
input.  For  an  articulated  rotor,  the  position  of  the  tip  path 
plane  would  be  of  primary  interest.  For  a hingeless  rotor,  'the 
interest  centers  on  the  projection  of  these  .bending  moments  onto 
the  fixed  (non-rotating)  shaft  axis  system. 

A flying  qualities  transient  time  history  run  was  performed 
during  the  BMR/RTA  full  scale  wind  tunnel  test.  The  test 
points  and  conditions  are  shown  in  Table  3.1.  The  flap  and 
chord  bending  moments  at  span  station  14.25  inches  were  re- 
corded for  each  blade  during  excitations  of  lateral  and  longi- 
tudinal cyclic  pitch  introduced  through  the  Dynamic  Control 
System.  The  strain  gage  measuring  flap  bending  on  blade  two 
failed  prior  to  this  run. 

One  of  the  first  things  to  consider  when  transforming  data  from 
rotating  to  non-rotating  parameters  is  the  consistency  of  the 
data  between  the  blades.  The  procedure  normally  requires  the 
use  of  a state  estimator  program  to  evaluate  states,  sensor 
biases  and  scale  factors.  The  technique  used  here  was  to  first 
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assess  the  consistency  of  the  data  qualitatively  by  comparing 
the  waveforms  of  the  rotating  data  of  each  blade  in  trim.  Fig- 
tires  8.271  and  8.272  show  a typical  comparison  of  flap  bending 
and  chord  bending  data  for  two  of  the  four  blades  in  trim.  The 
waveforms  are  very  similar,  indicating  the  blade  behavior  is 
consistent  from  one  blade  to  the  next . 

Next  the  data  were  harmonically  analyzed  both  before  the  cyclic 
perturbation  and  after  the  transient  response  had  time  to  set- 
tle. Figures  8.273  and  8.274  show  the  effect  of  a lateral 
cyclic  perturbation  cn  the  rotating  flap  and  chord  bending 
moments  for  a typical  test  condition.  It  was  determined  that 

changes  in  the  first  harmonic  bending  moments  were  comparable 

for  each  blade.  Therefore,  by  weighting  the  data  from  each 
blade,  resolving  the  moments  into  the  fixed  system  reference 
frame,  and  using  a zero-phase  low  band-pass  filter,  the  results 
shown  in  Figures  8.275  through  8.293  are  o',  tainad. 

Figures  8.275  and  8.276  represent  'the  results  from  a negative 

lateral  cyclic  perturbation  at  55  knots.  The  time  history  of 

the  cyclic  disturbance  from  trim  is  seen  in  the  upper  half  of 
Figure  8.275.  Figures  S.275  and  8.276  show  the  first  harmonic 
flap  and  chord  bending  moments  at  station  14.25  versus  time. 
The  amount  of  cross-coupling  can  be  seen  by  comparing  the  long- 
itudinal (cosine)  and  lateral  (sine)  components  of  flap  bending. 
The  off  axis  response  shows  an  initial  response  indicating  a 
pitch  up  moment  followed  by  a crossover,  with  a final,  steady 
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state  roll  lftft/pitch  do  mi  coupling-  It  can  1m  seen  that  there 
is  a rapid  change  in  lateral  flap  bending,  within  -3  seconds  or 
2 rotor  revolutions.  The  response  shews  little  overshoot  and 
quick  settling  time , characteristics  of  a good  commanded  re- 
sponse, It  appears  that  the  time  history  could  he  modeled  by  a 
first  order  response  with  a short  time  constant.  Figure  8.276 
dismonstrates  the  lightly  damped  in-plane  mode  which  was  excited 
by  the  cyclic  input.  The  mode  does  demonstrate  sufficient 
damping* 


Similar  results  axe  shown  in  Figures  8-277  through  8.283  for 
positive  and  negative  lateral  and  longitudinal  cyclic  pitch 
disturbances  at  55  and  111  knots-  The  analysis  procedure  was 
as  described  earlier  to  obtain  the  plots  of  first  harmonic  non- 
rotating flap  bending  at  station  14,25  versus  time-  For 
example.  Figure  8*277  shows  the  flap  response  for  a right  roll. 
The  response,  when  compared  to  Figure  8.275,  shows  symmetry 
about  the  trim  point.  Figure  8*278  is  the  non-rotating  system 
flap  bending  response  to  a pitch  up  longitudinal  cyclic  input. 
Again  the  commanded  response  is " rapid,  but  when  compared  to 
Figure  8 - 277  has  a Elighly  longer  rise  time . The  cross-axis 
response  does  not  show  any  long  term  coupling.  Similar  con- 
clusions can  be  drawn  from  the  remaining  figures. 
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FIGURE  0.271  COMPARISON  OF  FLAP  BENDING  BETWEEN  BLADES  31  AND  #4 
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FIRST  HARMONIC  FLAP  BENDING  RESPONSE  TO  A 
NEGATIVE  LATERAL  CYCLIC  INPUT  AT  55  KNOTS 
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FIGURE  8.276  FIRST  HARMONIC  CHORD  BENDING  RESPONSE  TO  A NEGATIVE 
LATERAL  CYCLIC  INPUT  AT  55  KNOTS 
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FIRST  HARMONIC  FLAP  SENDING  RESPONSE  TO  A 
POSITIVE  LATERAL  CYCLIC  INPUT  AT  55  KNOTS 
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FIGURE  8.278  FIRST  HARMONIC  FLAP  BENDING  RESPONSE  TO  A 
NEGATIVE  LONGITUDINAL  CYCLIC  INPUT  AT 
55  KNOTS 
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FIGURE  8.280  FIRST  HARMONIC  FLAP  BINDING  RESPONSE  TO  A 
NEGATIVE  LATERAL  CVCLIC  INPUT  AT  111  KNOTS 
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FIGURE  8,281  FIRST  rIARMONIC  FLAP  BENDING  RESPONSE  TO  A 
POSITIVE  LATERAL  CYCLIC  INPUT  AT  111  KNOTS 
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FIGURE  8.283  FIRST  HARMONIC  FLAP  BENDING  RESPONSE  TO  A 
POSITIVE  LONGITUDINAL  CYCLIC  INPUT  AT 
111  KNOTS 
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9-0  CONCLUSIONS  . 


9.1  IN  THE  40-BY-60  WIND  TUNHSL 

9.1.1  Stability 

The  &WR  is  stable  at  all  conditions  tested  on  the  RTA.  The 
fixed  system  damping  of  the  BEH/RTA  essentially  increases 
with  airspeed  at  constant,  collective  pitch,  shaft  angle  and 
rotor  speed  between  hover  and  oO  knots.  Jeyond  90  knots  the 
damping  decreases-  Further  testing  is  desirable  to  investigate 
the  trend  of  da«ss>ing  beyond  90  knots.  For  1G  level  flight  the 
fixed  system  darspiag  decreases  from  hover  to  60  knots,  then 
increases  from  60  knots  to  120  knots.  This  trend  is  verified 

i 

by  analysis,  model  scale  and  flight  test  data. 

For  both  hover  and  forward  flight,  tbs  fixed  system  damping 
increases  with  increasing  collective  pitch  at  fixed  airspeed, 
rotor  speed  and  shaft  angle.  Likewise,  damping  decreases  with 
increasing  rotor  speed  at  fixed  collective  pitch,  airspeed  and 
shaft  angle.  The  damping  is  determined  solely  by  the  inherent 
air  mode  damping  of  the  rotor  system-  The  effect  of  potential 
coupled  RTA/rotor  instabilities  is  negligible. 

The  effect,  of  shaft  angle  variation  on  fixed  system  damping  at 
constant  airspeed,  collective  pitch  and  rotor  speed  is  very 
small.  There  appears  to  be  a tendency  towards  decreased 
damping  with  increasing  forward  shaft  tilt,  but  the  change  is 
within  the  scatter  of  the  data. 


The  EHR /RXA  full  scale  wind  tunnel  test  proved  to  be  zxt  effec- 
tive means  of  identifying  the  inherent  damping  of  the  rotor 
system.  The  full  scale  testing  can  foe  used  to  determine  the 
air  mode  damping  characteristics  of  a rotor  configuration,  and 
to  compare  the  inherent  damping  levels  of  several  configuration 
variations.  The  one  aspect  of  stability  which  can  not  be  eval- 
uated in  the  4u-by-£0  wind  tunnel  using  the  ETA  is  ground  reson- 
ance type  of  instabilities.  Since  the  RTA  does  not  duplicate 
the  masses  and  inertias  of  an  actual  fuselage,  those  instabili- 
ties induced  by  the  coalescence  of  body  modes  with  rotor  modes 
will  not  be  present. 

9.1.2  Loads 

Load  trends  in  hover  were  difficult  to  assess  due  to  the  sensi- 
tivity of  loads  to  change  in  cyclic  pitch  and  to  recirculation 
effects. 

Vibratory  flap  bending  and  torsion  loads  generally  show  a 
trend  versus  airspeed  of  a a build-up  in  loads  with  increasing 
airspeed-  In  some  cases  higher  loads  are  seen  in  the  30  Knot 
transition  regime.  Steady  blade  and  flexbeaia  flapping  are 
increasingly  flap  down  as  airspeed  increases,  both  vibratory 
and  steady  flap  bending  and  torsion  loads  for  all  components 
increase  directly  as  collective  pit  ch  is  increased.  For  the 
blade,  flemheam,  and  torque  tube  vibratory  flap  bending  and 
torsion  loads,  the  effect  of  increasing  positive  shaft  angles 
is  a gradual  increase  in  loads.  The  respective  steady  values 
are  essentially  independent  of  shaft  angle - 
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Chord  bending  vibratory  loads  are  greatest  in  the  intermediate 
speed  regisae  (40-80  ijnots ) , are  lower  ia  hover  and  decrease  with 
airspeed  above  80  knots  - The  steady  blc.de  and  fleAeaaas  chord 
moments  are  invariant  with  airspeed.  Vibratory  chord  moments 
increase  with  collective  pitch  above  2000  pounds  thrust.  At 
thrust  levels  below  2000  pounds  there  is  some  trend  of  gradual 
increasing  .'Load  with  decreasing  collective.  The  midnpaa  and 
outboard  flexbeaa  steady  chord  bending  gages  showed  no  effect 
of  collective  while  both  the  blade  and  flcxbeam  root  chord 
moments  increased  with  higher  collective  angles  - 

Most  noticeable  in  the  steady  chord  bending  moments  on  the  flex- 
beam  was  the  opposing  bending  demonstrated  for  the  leading  and 
trailing  beaifls.  This  seems  to  indicate  opposite  rotation  of 
the  outboard  ends,  with  a bowing  effect  at  the  blade  clevis. 
This  could  be  attributed  to  an  assymmetric  line  of  action  of 
the  centrifugal  force  causing  different  mode  shapes  in  each 
beam. 

The  vibratory  chord  moments  increased  proportionately ■ with  in- 
creasing positive  shaft  angles.  The  vibratory  flexbeam  chord 
loads  were  distributed  equally  between  leading  azid  trailing 
beams.  Generally,  the  steady  loads  are  insensitive  to  shaft 
angle. 

It  was  noted  that  the  differences  in  flapping  and  chord  load 
distributions  between  leading  and  trailing  beam  could  be  attri- 
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buted  to  some  extant  to  the  wind-up  in  the  beams  due  to  steady 
collective  pitch  inputs. 

Torque  tube  torsion  and  pitch  link  loads  axe  closely  related. 

9.3.3  Perform ance 

The  hover  perforoancft  data  where  recirculation  effects  did  not 
produce  tunnel  flow  above  3.5  knots  agrees  well  with  theoreti- 
cal predictions.  The  forward  flight  data  looks  reasonable  and 
correlates  well  with  analysis.  It  was  difficult  to  compare  to 
flight  data  due  to  the  nature  of  the  teat.  For  stability  test- 
ing the  goal  was  to  test  at  the  lowest  damping  levels,  hence 
collective  pitch  angles,  possible.  Also  shaft  angles  were 
varied  without,  regard  to  the  resulting  flat  plate  drag  area. 
For  this  reason,  raost  of  the  test  data  was  at  lift  and  F 

V 

values  not  representative  of  BO-105  flight  conditions. 

9.1.4  Flying  Qualities 

The  rotor  responded  to  both  lateral  and  longitudinal  cyclic 
control  inputs  within  two  rotor  revolutions  after  the  input  was 
initiated.  The  response  was  precise  and  of  the  first  order. 
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with  little  or  no  overshoot.  The  cross  axis  response  showed 
no  long  term  coupling.  Responses  to  positive  and  negative 
cyclic  inputs  for  lateral  or  longitudinal  perturbations  showed 
syiaaatry  about  trim. 
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9.2  CONCLUSIONS  FROM  THE  TEST  VERSUS  CONCLUSIONS 


FROM  OTHER  TESTS 
9-2.1  Whirl  Tower 

The  stability  results  from  the  whirl  tower  and  the  BiiR/RTA  test 
were  nearly  identical.  Both  tests  showed  increasing  stability 
with  increasing  collective  pitch,  and  decreasing  damping  with 
increasing  rotor  speed.  The  magnitude  of  the  fixed  system  damp- 
ing from  both  tests  were  the  same. 


9.2,2  Flight  Test 

The  fixed  system  damping  data  versus  airspeed  for  1G  level 
flight  are  nearly  the  came  for  the  BHR/BG-XG5  and  the  BKR/RTA, 
Both  tests  showed  stability  dropping  from  hover  to  a m: linmra 
at  60  knots,  then  increasing  damping  beyond  60  knots  airspeed. 
All  the  test  results  agree  in  concluding  that  the  Btljft  rotor 
system  is  stable  throughout  the  flight  spectrum* 

The  ground  resonance  tests  on  the  BMR/FO  105  were  compared  to 
hover  results  from  the  BfrB/RXA  test.  The  inherent  rotor 
stability  levels  are  the  same  in  both  cases , but  for  those 
collective  pitch  values  where  a body  mode  of  the  30-105 
coalesce*  with  a rotor  in-plane  mode  of  the  BKR,  a.  destabilis- 
ing effect  is  seen  which  can  not  occur  in  the  wind  tunnel  due 
to  the  characteristics  of  the  RTA  compared  to  the  BO-105 , 
Therefore  the  wind  tunnel  BMR/RTA  configuration  cannot  be  used 
to  determine  the  classical  ground  resonance  type  of  instability 
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The  flight  test  loads  and  those  from  the  EMR/ttTA  test  are  in 
close  agreement  for  most  components.  Most  differences  can  be 
attributed  to  slightly  different  trim  settings  between  flight 
test  arid  the  wind  tunnel.  The  two  major  differences  are  steady 
chord  bending  at  44,  and  steady  torque  tube  chord  bending.  The 
torque  tube  change  is  probably  due  to  the  higher  collective 
settings  used  in  flight  tout  trim. 

9.2.3  Small-Scale  Wind  Tunnel  Tests 

The  1/5.86  froude- scaled  model  of  the  BMR/B0-1CS  had  both  pitch 
and  roll  degrees  of  freedom.  The  mass  and  inertias  of  the 
BMR/BO-105  were  modeled  to  identify  the  coupled  rctor/iuselage 
instabilities.  Many  of  the  conclusions  from  the  test,  relate  to 
these  body  mode/rotor  mode  interactions.  However,  some  general 
trends  from  that  test  can  be  compared  to  the  BMP./RTA  results. 

Both  tests  demonstrate  increasing  fixed  system  damping  as  col- 
lective pitch  is  increased.  Free  from  the  effects  of  body  mode 
coupling,  both  the  BMR/HTA  and  the  1/5. 86  scale  BMR/BO-105 
model  show  a trend  of  reduced  stability  as  rotor  speed  is 
increased.  The  trend  of  decreasing  damping  from  hover  to  60 
knots,  and  increasing  damping  at  airspeeds  greater  than  60 
knots  for  1G  level  flight  is  seen  in  both  tests.  The  overall 
conclusion  from  both  the  BMR/RTA  and  the  BMR/BO-105  model  tests 
was  that  the  BMR  is  stable  for  the  entire  flight  regime. 
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9.3  BKR/RTA  Results  Versus  Analysis 

The  C-90  computer  program  predicts  both  the  trends  and 
magnitude  of  fixed  system  damping  in  hover.  The  decrease  in 
stability  with  rotor  speed  and  the  increase  in  stability 
with  collective  pitch  are  predicted  by  the  analysis.  In 
forward  flight  the  trends  are  also  predicted  quite  well  by 
C-90,  but  the  correlation  of  damping  levels  is  increasingly 
worse  with  higher  collective  pitch  values  (greater  damping). 
The  predicted  damping  increases  more  rapidly  than  the  teat 
data  with  increasing  collective  pitch.  It  is  significant 
that  the  correlation  is  best  at  the  lowest  collective  pinch 
levels  where  damping  is  a minimum.  In  this  region  experi- 
mental damping  results  are  determined  more  accurately  with 
less  data  scatter , and  it  is  also  at  these  conditions  that  the 
prediction  of  stability  is  most  critical. 

The  analysis  correlates  with  the  1G  level  flight  results  versus 
airspeed,  and  also  correlates  well  with  the  damping  versus  air- 
speed at  constant  rotor  speed,  collective  pitch  and  shaft  angle 
up  to  90  knots . However,  at  airspeeds  above  90  knots  the  analy- 
tical and  test  re.1  ults  diverge.  This  difference  in  trends  with 
airspeed  above  90  knots  requires  further  investigation. 

Flap  bending  steady  and  vibratory  moments  are  predicted  by  C-60 
for  both  hover  and  forward  flight  conditions.  C-60  generally 
underpredicts  steady  chord  bending  moments.  The  degree  of  cor- 
relation for  vibratory  chord  bending  moments  varies  widely,  with 
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excellent  correlation  for  some  conditions  and  poor  at  other 
times.  This  is  directly  a function  of  the  convergence  capabil- 
ity of  the  analytical  iteration  procedure.  An  improved  itera- 
tion technique  or  a closed  form  solution  is  required  to  attain 
better  correlation. 

The  correlation  of  lift,  drag,  power  and  pitching  moment  co- 
efficients with  the  B-S7  analysis  was  good  at  all.  airspeeds, 
with  the  biggest  deviations  at  144  knots.  At  the  higher  air- 
speeds, there  is  also  some  deviation  between  predicted  and 
measured  propulsive  force,  probably  due  to  some  differences 
in  rotor  flapping. 

9.4  Configuration  Changes 

The  addition  of  elastomeric  damper  strips  to  the  BKh  flex- 
beams  increased  the  structural  damping  by  approximately  1.2% 
and  the  first  chord  mode  natural  frequency  by  approximately 
.04/Rev.  The  combined  effect  was  to  increase  the  fixed 
system  damping  ratio  by  1.5  to  2.0%  at  low  collectives  in 
hover  and  by  as  much  an  4.0%  at  high  collectives.  In  forward 
flight  at  90  knots  the  increase  is  1.5%  at  425  rpm  and  4.5%  at 
335  rpm.  This  increase  was  anticipated  from  results  of  the 
C-90  program  analysis. 

The  total  control  system  sprir.grate  was  reduced  to  89%  of 
the  baseline  value  by  the  installation  of  axially  flexible 
pitch  links.  In  hover  at  rotor  speeds  below  425  rpm,  the 
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softer  control  stiffness  produced  decreased  damping  levels . 
At  425  rpm  the  baseline  and  softer  control  stiffness  configur- 
ations showed  identical  values  of  damping.  In  forward 
flight,  the  effect  of  control  system  stiffness  was  small, 
with  perhaps  a decrease  in  damping  for  idle  softer  control 
spring  configuration.  These  results  are  not  compatible  with 
the  present  understanding  of  the  system,  and  further  analysis 
and  testing  are  required  to  clarify  these  results. 

Similar  loads  results  were  obtained  for  the  soft  pitch  links 
and  damper  strips.  This  was  attributed  to  the  change  in  the 
relative  stiffness  between  the  flexbeams  and  the  torque  tube 
lead  paths.  The  effect  was  to  produce  a different  blade  pitch 
angle  for  the  same  control  input.  This  is  evident  in  the 
steady  ana  vibratory  flap  bending  moments,  and  the  torque  tube 
torsi  mi  and  pitch  link  load. 
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10 . 0 RECO^HS^TDATIOKS 


It  is  felt  that  further  testing  of  the  BPSR/RTA  system  in  the 
Ames  60-by-QO  wind  tunnel  is  warranted  in  order  to: 

o Investigate  stability  trends  versus  airspeed  at  speeds 
greater  than  90  knots.  Stability  testing  should  be  per- 
formed as  thoroughly  at  120  knots  as  it  was  at  90  knots. 
This  testing  would  also  contribute  to  the  understanding  of 
why  the  C-90  analysis  is  apparently  not  as  effective  at 
high  speeds  and  less  effective  as  collective  pitch  is 
increased. 

o Quantify  the  effects  of  a softer  control  system  stiffness 
by  testing  pitch  links  which  reduce  the  total  control 
system  springrate  to  75%  and  60%  of  the  baseline  value. 
Test  each  configuration  thoroughly  in  hover  and  at  both  -50 
and  90  knots.  It  is  hoped  that  this  would  reduce  the  dis- 
crepancies found  in  the  results  of  this  5MR/RT&  test. 

o Test  additional  configuration  variations,  such  as  aft 
Eweep.  The  capability  to  determine  the  effects  of 
sweep  was  present  in  this  BSR/RXR  test,  but  this  configura- 
tion was  not  tested  due  to  time  constraints.  Other 
possible  parameter  variations  are  the  location  of  the 
2.5  degree  p re- droop  angle  and  the  be am- bo -hub  pre- 
pitch angle. 
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o Further  study  the  effects  of  excitation  amplitude  and 
trim  values  of  cycle  pitch  on  stability,  since  no 
conclusive  results  were  found  from  the  limited  data 
related  to  this  problem  obtained  in  the  BMR/RTA  wind 
tunnel  test. 

c Test  the  BKR  over  a substantial  rar.tjs  of  test  conditions 
at  values  of  lift  and  FQ  representative  of  the  EMR/BO-105 

ft 

aircraft. 
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11.0  APPBED2CES 


11.1  RUN  LOG 


The  rim  log  for  the  BKil  test  at  NASA-Ames  is  presented  on  the 
following  pag.:6. 


515 


ORIGINAL  PAGE  IS 


THETA 


S3JL0L- 


<1  kCS* 


(04/ c>  oiter  w«Oi 


V 


J.VCJ  Q3SIA3]tJ 


»3S9»flN 


j’djti'Gl 


NUMBER 
REV  LTR 


lOi/n  ?iuf  «ua d 


| CHK 


RUN  NO.  14  Tc-st  55 


RUN  DESCRIPTION  =*£ 


~>J? 

C j 

cfo 

WIT.  5Sta?>j. 

nv.  1 

1 

, 1 

i ! 

r^~ 

\ 

DATE  / TIKE 


i 5 c./B  O 


I 


, 4 

i 

i 

i 

M 

Ir  i 

r 

i 



10 l/t)  OIMV 


AHV*t*00 


REVISED 


TEST 

PT. 

RUN  DESCRIPTION 

tA 

>*»* 

VC 

*: 

O- 

oc 

' — 

Stat  > c 


' sr  g o 


a 


7,  t- 


ANGLE 


DATE  / TIME 


IOA/C)  Old*  w*0  d 


HUM  NO.' 


RUN  DESCRIPTION 


Test  sso 


w 

■ r 

>>* 

Q. 

9/ 

far. 

SHAFT 

ANGLE 


REVISED  | DATE 


11.2  INSTRUMENTATION  LIST 


The  following  pages  contain  a compilation  of  the  instrumenta- 
tion data  for  the  tost  of  the  RMR  in  the  Ames  40 -by- 80  wind 


tunnel . 


GUIDE  FOR  PRELIMINARY  IKSTRUrtEOTATION  INQUIRE  ME  NTS 


i 


Meas  #f  Item  Description:  Parameter  name,  number,  gertaral  description  & 

location;  also  include  me  as  ursine  at  number  if  may  (the  number  should 
be  unique) . 

Cat;  Category:  All  parameters  must  be  categorized  in  priority*  The 

priorities  are:  L » signal  lose  - test  abut  down  - signal  to  be 
restored  or  substituted  before  test  continues;  & - signal  loss 
- test  m& y continue  or  shut  down  at  option  p£  tear  engineer --- 
must  be  repaired  or  substituted  before  restart  of  test;  C « 
signal  loss  - test  u«y  continue  ~ signal  tihoul  . b&  restored  during 
next  run  break;  D - signal  loss  - tESt  to  continue  - to  be  repaired 
as  oportunity  becomes  available. 

Input  TSP;  Input  Twisted  Shielded  Fair  for  each  measurement  from  wire  list 

Refer  to  the  Guide  for  Planning  Investigations  in  the  Ames  40-  by  80-ft 
Wind  Tunnel  for  description  of  the  following  anronyias * Put  a channel  assign- 
ment in  the  appropriate  box-  On  the  TCS/HS,  DAS*  DRS  & OBS  select  priority 
of  importance,  ie;  1 - high  priority,---,  30  = lower  priority-  On  the  OCR, 
CRO,  DFMj  & PDS  select  the  channel  assignment  in  accordance  with  your 
grouping  requirements . 

HS  - High  Speed  Data  Acquisition  System 
TCS  - Transducer  Conditioning  System 
DAS  - Dynamic  Analysis  System 
DP.S  - Dynamic  Recording  System 
ft FI  - Band  Fas s Filter 

GGR  - Visinorder  (Oscillograph  Recorder) 

CRO  - Oscilloscope  (Cathode  Ray  Oscilloscope) 

OBS  - On -Board  System 

DFM  - Digital  Panel  meters  (CTR  - Counter) 

SI  - Special  Instrumentation  Interface 

PDS  - Peak  to  Peak  Display  {Peak  Detector  System) 
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? FOE  INSTRUMENTATION  PRETEST  DATA 


Item  Description  k Location:  Parameter  name,  number,  general  location. 

Trans  Tvr>e,  Transducer  Tyne  & Resistance:  SG  - Strain  Gage;  Preca  - 

Pressure;  Rec  Pot  - Resistance  Potentiometer;  2 - Bridge;  A ~ Accel leroms ter; 
ect**«  ic:  2SG  S 350  - doable  strain  gage  bridge  350  ohn  A active  legs; 

SG  Press  120  - 120  ohm  strain  gage  type  pressure  transducer  4 active  lege; 

fcSG  II  120  - 120  ohn  strain  gage  1 active  leg;  r.t..* 

Enq  Dnits,  Engineering  Units:  List  the  engineering  unit  ft  which  will  be 

used  during  the  test  for  each  paraiseter,  ie  in-lbs. 

Ex  Vt  Excitation  Voltage:  Ranges  available;  0-20V  c«  20-40V*  Refer  to 

Transducer  Conditioning  System  in  the  Guide  for  Planning  Investigations  in 
the  Ames  A0-  by  80ft  Wind  Tunnel,  for  further  information* 

KC  K t R Cal  Resistor  value:  Resistors  available  are:  50K,  75K,  1O0K, 

125K,  150K,  200Kt  25 0Rt  & 500E* 

Eng  U Eguiv.  Enticccrioe  Units  Equivalence:  Equivalent  load  in  engineering 

units  to  corresponding  R Cal  resistor. 

Lcad/MV  Calf  Load  per  Millivolt  or  Volt  Calibration:  Thu  Calibration  of 

the  respective  transducer.  Specify  /MY  or  /V. 

Enq  U Tare,  Engineering  Units  Tnre:  Tare  load  at  rest  or  '’parking1' 

position . 

Pos  S in  Direct,  Positve  Signal  Direction:  Positive  signal  direction 

relative  to  physical  direction  a£  parameter  being  measured* 

Filter  Frog.  Filter  Frequency:  The  frequency  of  the  low  pass  filter  on 

the  high  speed  data  accuisition  svsten*  Frequencies  available  are;  1,  10, 

30,  100,  300,  IK,  10K,  ~1C0V:  Hz* 

Expected  Sis  Freq,  Expected  Sitnal  Frequency:  The  band  width  of  the 

expected  frequency  of  each  parameter. 

Expected  Sit  Eng  U.  Expected  Signal . Engineering  Units:  The  expected 

operating  ranee  in  engineering  units. 

D ?.  Diagram  ?:  Wiring  diagram  of  related  parameter  should  be  supplied* 

Insert  a yes  or  no  if  the  diagram  has  been  submitted  *.  »d  is  complete. 
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11.3  TABUIATIOH  OF  BKR/KTA  AES0ELA5TIC  STABILITY  TEST  8SSULTS 


Table  11.1  is  a compilation  of  asroelastic  stability  data  for 
the  B!5R/RTA.  The  tabic  shows  run  numbers  and  corresponding 
test  point  number  if  trim  data  was  taken  of  the  test  condition 
just  prior  to  obtaining  stability  data.  Test  conditions,  type 
of  excitation,  wagnitude  of  excitation  and  tie  p areas? ter  used 
for  determining  stability  data  are  shown.  Stability  data  are 
shown  in  terms  of  rotating  and  fixed  system  damping  and  time  to 
half  amplitude.  The  test  configuration  is  also  indicated. 
Definitions  of  configuration,  table  headings,  etc.  are  given  at 
the  end  of  Table  11.1. 


TABLE  11.1  COMPILATION  OF  BMR/RTA  AEROELASTIC  STABILITY  DATA 
LSliliBV lop 3JLL_ 1 


: C0IIF1G 

FUJI 

TEST  POINT 

V (KNOTS) 

THETO  (PEG) 

HLPHft  (BEG) 

RPH 

THRUST  (LB) 

TYPE  EXCIT 

HflG 

ex  (cr> 

OIPZEf  (HZ) 

ETfl  ROT  <::) 

ETR  FIN  <J£> 

URGE 

U 

CYCLIC 

THflLF  (SEC) 

1*.  GO 

5.00 

4 . GO 

0.00 

4.001 

i -10.00 

350.00 

1430.00 

1 .*00 

500.80 ‘ 

hick* 

1.10 

4.05 

1.80 

0.00 

f 2*19 

• 

: 1 . 00 

5.80 

5.00 

0.00 

4.00- 

••10.00 

375.00 

1550. GO 

1.00 

500.L10 

“100.00 

1 . 20 

3.55 

1.00 

6.00 

A * 

1 . 00 

5.00 

6.00 

0.00 

4.00 

! „.rio,oo 

40O.OO 

1790. 00 

1.00 

500.00 

, ■ **** 
1 . 79 

1 . 30 

3.23 

1.00 

0.00 

1 . 00 

5.00 

8.00 

0.00 

4.00 

-10.00 

425.00 

1985.00 

1.00 

580,00 

it  i t kk 

A aa 

C ■ liaO 

1 . 00 

2.15 

1.00 

0.00 

1.00 

5.00 

9.00 

0.00 

4.00 

-10.00 

415.00 

1870.00 

1.00 

5OO.O0 

**** 

0.80 

1.82 

1.00 

0.00 

2.S7 

1 . 00 

5.00 

1 1 . 00 

0.00 

4 . GO 

-10.00 

436 . 00 

2060.00 

1.00 

50O.00 

itk-k-i 

t . 30 

2.64 

1.00  . 

0.00 

COI1MEHT 


, INITIAL 
. HOVER 
! DATA 


(SISct  3 op  AE«OELASTIC  STABILITY  DATA 


CONFIG 
MLPHil  (DEG) 
ON  ZET  (HZ) 
THflLF  (SEC) 

1 . 00 
-10. 00 
4.75 
2. 95 

1 . 00 
-10.00 
4 • 63 

.4  -7 

1.1  J 

1 . 00 
-10. 00 
4.50 

0.  $4 

1 . OO 
-10. 00 

4.75 

0. 96 

1 . OO 

-10.00' 

4.75 

1.02 

1 . 00 
-10.00 
4.73 
J . 04 


RUN 

RPN 

ETH  ROT  (V) 


TEST  POINT 
THRUST  (LP> 
ETH  FIX  (V) 


V CKN01S) 
TYPE  EXCIT 
GftGE 


6.  OO 
350.OO 
0.80 

10.  GO 
315.00 
3.20 

0.  OO 

3.00 

1 . 00 

6.00 
350. 00 
0.50 

10.  00 
315. GO 
2.00 

0.00 
1.00 
1 . 00 

7.00 

375.00 

2.87 

3.  OO 
3785.O0 
7.  94 

O.OO 

3.00 

1.00 

7.  OO 
375.00 
2.49 

4.  OO 
2743.00 

7.  12 

O.OO 

o.OO 

1.00 

7.  0O 
375.00 
2.34 

4.00 

2745.00 

6.69 

0.00 
2.00 
1.00  . 

7.  OG 
375.00 
2.  30 

4 . OO 
2745. OO  ■ 
6.57 

0.00 

2.00 

1.00 

THETR  (DEG) 
MRG  EX  (CT) 
D CYCLIC 


O.OO 

125.00 
O.  00 


0.  OO 

500.00 
’0.00 


8 . OO 

125.00 

0.00 


6.  00 

125.00 

0.00 


O.U0 

500. 00 

0.00 


6.00 

500.00 

0.00 


TABLE  11.1  COMPILATION  OF  BMR/RTA  AEROELASTIC 
(SHEET  4 OF  33) 


CONFIG 
ALPHA  <DEG> 
OH  ZET  <HZ> 
THALF  <SEC> 


RUM 

RPM 

ETfl  ROT  CO 


1 E3T  POINT 
THRUST  <LB> 
ETA  FIX 


V (KNOTS) 
TYPE  EX 01 T 
GAGE 


STABILITY  DATA 


THETA  (DEG) 
MAG  EX  (CT) 
D CYCLIC 


COMMENT 


1 . 00 

7.0O 

2.00 

0.00 

4.O0 

-10. 00 

375.O0 

1045.80 

- 2.00 

49O.00 1 

4. 75 
1.30 

1 . 82 

5.  38 

1 . 00 

0.00  i 

1 . 00 

8.O0 

4.00 

0.00 

11. 08 ! 

“10.00 

400.00 

6217.00  • 

2.00 

300.00- 

4.50 

0.53 

4.50 

10.11 

1.00 

0.00  ; 
1 

1 . 00 

8.00 

3.00 

0.00 

10.00 

-10.00 

400.00 

5620. OO 

2.0O 

350.00 

4 . 63 
0.55 

4.30 

9.79 

1.00 

0.00 

1 . OO 

8.00 

2.O0 

0.00 

8.00 

-10. 00 

400.00 

4425.00 

2.00 

175.08 

4.75 

0.81 

2.90 

6.  80 

1.00 

0.80 

1 . 00 

8.0O 

5.  OO 

0.  00 

6.00 

-10.00  . 

400.00 

3090. 00 

2.0O 

200.00 

4.75 
1 . 02 

2.30 

5.55 

1.00 

0.00  | 

! 

' 1.00 
-10.00 
•4. 78 
0.45 


8.00 

425.00 

5.20 


8,00 
6386. O0 
1C.35 


0.00 

2.00 

1.00 


10.00 

250.00 

0.08 


576 


0 


TABLE  11.1  COMPILATION  OF  BMR/KTA  AEROELASTIC  STABILITY 
(SHEET  5 OF  23) 


CONFIG 
ALPHA  (DEG) 
ON  2ET  (HZ) 
THALF  (SEC) 


RUN 

RPM 

ETA  ROT  CO 


TEST  POINT 
THRUST  (LB) 
ETA  FIX  CO 


1 . 00 

8.Q0 

9.  00 

-10.00 

425.00 

4790. 00 

4.75 

3.20 

6.54 

U.  72 

1 . 00 

8.  00 

1 1 .00 

-10. 00 

414.0O 

6901 .00 

4.  75 

6.20 

12.89 

U.otf 

1 . 00 

8.00 

12.00 

-10.00 

415. 00 

5780.00 

**** 

4.30 

9.01 

11  C-C*. 

v.» 

1.00 

8.00 

13.00 

-10.00 

415.00 

4580. 00 

4,75 

2.60 

5.  68 

u..yu 

1.00 

8.00 

14.00 

-10.00 

415. 00 

3995. O0 

4 . 75 
0.85 

O 7tr 

• w i *J 

6.00 

1 . GO 
•10.00 
***** 
) . 00 


. 12.00 

375 . GO 


2.  00 
2775.00 
6.79 


TABLE  11.1  COMPILATION  OF 
(SHEET  6 OF  33) 


1 CONFIG 

ALPHA  <DEG> 
OH  ZET  OIZ> 
TMfiLF  (SEC) 

RUN 

RPH 

ETA  ROT  <5t> 

TEST  POINT 
THRUST  <LB> 
ETR  F I X C4> 

1 . 00 

1 2 . 00 

5.  O0 

-10. 00 

375. GO 

3700. 00 

4.23 

0.61 

3.35 

10.  90 

1 . GO 

12.00 

5.00 

..  “10.00 

375.O0 

3700. 00 

**** 

4 • 16 

11.50 

Q.  53 

, 

1 . GO 

12.00 

6.  00 

-10.00 

375.0G 

1925.O0 

4.75  • 

1.47 

4 . 33 

1.61 

1.00 

12.O0 

6.0G 

-10.00 

375. OO  . 

1925. 00 

4.75' 

1.44 

4.24 

1 . 64 

1 . O0 

12.G0 

8.  OO 

-10.00 

4O5.O0 

5755.00 

4 . 63 

4.67 

10.29 

0.51 

1 . OO 

1 2 . OO 

9 . OO 

-10. GO 

406.OO 

4415.0O 

4.6C 

fi  crc- 
-1  • ' * • 

4 . 26 

9.60 

AEROEI.ASTIC  STABILITY  DATA 


V < KNOTS) 
TYPE  ENCIT 
t Lj  fi  G E 

THETA  <DEG) 
NRG  EX  <CT> 
P CYCLIC 

COMMENT 

0.00 

3.  10 

2.00 

300.00 

* 

1 . 00 

0.00 

0.00 

S.  00 

2.00 

300.00 

2.00 

0.00 

0.00 

4.20 

2.00 

250.60 

1.00 

0.00 

0.00 

4.29 

2.00 

25O.00 

1 

2.00 

0.00 

0.00 

10.30 

I 

2.00 

250.00 

. 

1.00 

0.00 

• j 

0. 00 
£.00 
1 . 00 


8.  30 
350. GO 
0.08 


ABLE  11.1  COMPILATION  OF  BMR/RTA  AEKOELASTIC  STABILITY  DATA 


CONFIG 
rtLPHft  <BEG> 
OM  ZET  <HZ) 
THfiLF  <SEC> 

RUN 

RHl 

ETft  ROT 

TEST  POINT 
THRUST  <LB) 
ETA  FIX  CO  . 

V < KNOTS) 
TYPE  EXCIT 
CAGE 

THETA  <I!£G) 
MAG  EX  <CT) 
D CYCLIC  : 

1 .00 
-10. OO 
4.75 
1.16 

12.00 

404.00 

£.02 

10.00 

3200.00 

4.74 

0.00 

2.00 

1.00 

6.30 

300.00 

0.00; 

1 . 00 
-10.00 
4.75 
1.62 

12.00 

405.00 

1.43 

f **** 

**** 

3*44 

0.00 

2.00 

1.00 

4.00 

300.00 

0.00 

1 . 00 

-10.00 
* A * * 

0*42 

12.00 

425.00 

5.62 

1 1 . 00 
6230. 00 
11.19 

0.00 

2.00 

1.00 

10.00 

200.0G 

0.60 

| 1.00 
-10.00 

**** 

0.  36 

12.00 

424.00 

6.50 

12.00 
4775. 00 

13.31 

0.00 
2.00 
1 . OO 

8.20 
250.00  • 
0.00 

1.00 

-10.00 

**** 

'0.78 

12.00 

424.00 

2.86 

12.00 
4775. GO 
6.06 

0.00 
2 . 00 

1.00 

8.20 
230. OO- 
0.00 

1 . 00 
-10.00 
4.80 

12.00 

425.00 

1.88 

13.00 

3615.00 

3.92 

0.00 

2.00 

1.00 

6.30 

250.00 

0.00 

COMMENTS 


TABLE  11*1  COMPILATION  OF  BMR/RTA  AEROELASTIC  STABILITY  DATA 

/CtrPDm  o /■mu  t "i  > 444 


CGI  Jr  I G 
ALPHA  (DEG) 
•iM  ZET  (HZ) 
THflLF  (SEC) 

‘ hull 
RPM 

ETii  rot  •;.*:) 

TEST  POINT 
THRUST  (LB) 
ETii  FIX  (■:) 

V (KNOTS) 
TYPE  EXC1T 
GAGE 

THETA  (DEG)-* 
MAG  EX  (CT) 
D CYCLIC 

1 . 00 
-10.00 
***  * 

0.52 

12.00 

410.00 

4.53 

14.00 

5605.00 

9.74 

8.00 

2.00 

1.00 

10.  10 
325.00 
0.00 

1.00 

. -10.00 
* A * * 

0.64 

12.O0 

410.00 

3.64 

15.00 
4520.00 
8.  02 

0.00 

2.08 

1.00 

8.30 

400.00 

O.00 

1 . 00 
-10. 00 
**** 

' 1 . 09 

12.00 

410.00 

2.13 

16.  00 
3380. 08 
4 . 82 

0.00 
2.00 
1 .00 

6.  30 
350.00 
0.00 

1 . 00 
-10. oo 

4.75 

1.57 

12.  00 
410. on 
1.47 

17.  00 
2180. 00 
3.42 

0.00 
2.00 
1 . 00 

i 

4.30 

300.00 

O.00 

z 

1 . 00 
-10.00 
* * * * 

1 • 33 

13.00 

400.00 

1.76 

2.  00 
2966. 00 

4.21 

0.00 

3.00 

1.00 

6.50 

175.00 

0.00 

1 . 00 
-10.00 
****, 
1 . 50 

13.00 

399.00 

1 . 55 

3.  00 
2056. 00 
3.84  • 

0.00 

3.0O 

t.00 

4*.  60 
150.00 
0.00 

COMMENT 


* 


\ 


:A~ 


•,.  /_* .. ;r.  ^ ^ - V.  -'V  <V 

*“  *■  V.  . . ^ . t V •!  • *>*  \ ....  \ 


V 


TABLE  11.1  COMPILATION  OF  BMR/RTA  AEROELASTIC  STABILITY  DATA 


CONFIG 

RUN 

TEST  POINT 

t 

V (KNOTS) 

THETA  (DEG) 

alpha  (heg) 

RPM 

THRUST  (LB)  . 

TYPE  EXCIT 

HfiG  EX  <CT) 

COMMENT 

OM  ZET  (HZ) 
THfiLF  (SEC)  . 

Ern  rot  o:> 

EThl  FIX  <JO 

URGE 

li  CYCLIC 

1 . 00 

13.00 

9.  00 

0.80 

4.50 

-10.00 

425.0O 

2261 . 0O 

3. 00 

125.00 

*1  • ay 

1.61 

1 . 42 

3.03 

1 . O0 

0.00 

1 . 00 

13.00 

10.  00 

0.00 

10.30 

. -10.03 

400.00 

5231 . 00 

3.00 

150.OO 

* *** 

0.38 

6.2.5 

14.  17 

1 . 00 

0.00 

1.00 

13.  00 

i 1 . 00 

0.00 

8.40 

• 

-10.00 

399.00  • 

426O.O0 

3.00 

150.00 

4 . 63 

3.94 

9.24 

1 . 00 

0.00 

0.60 

I 

1 . 00 

14.00 

6.00 

90.00 

8.80 

8 

-6.00 

424.00 

6474.00 

3.00 

125.00 

I 

* * * * 

0.63 

O ,7  *7 

7.46 

1.00 

0.00 

■ 

1 . 00 

14.  00 

7.O0 

89.70 

7.90 

1 

-6.00 

426. 00 

5895. 00 

3.00 

150.00 

*1  • » ' o 

•If  m O 1 

6 . 86 

1.00 

0.00 

• 

0.69 

• 

1.00 

14.00 

8 . 00 

89.80 

3.90 

s 

-6. 00 

424.00 

4360. 00 

3.00 

1 58 . 00 

* A * 

2.26 

4. .77 

1 . 80 

0.00 

1 . 03 

582 


TABLE  COMPILATION  OF  DMR/RTA  AEROELASTIC  STABILITY  BATA 


CONFIG 

RUN 

TEST  POINT 

V (KNOTS) 



THETA  (DEG) 

ALPHA  (DEG) 

RPM 

THRUST  (LB) 

TYPE  EMC IT 

NRG  EM  ‘XT) 

UN  ZET  <HZ) 
THRLF  <SEC> 

ETA  ROT  CO 

ETn  FIX  CO 

GAGE 

D CYCLIC 

1 . 00 

14.00 

9.00 

90.00 

4.00” 

-6.00 

424.00 

2970. 00 

3.00 

150.00 

**** 

1 . 72 

1.33 

*:•  q 
■ j 

1.00 

Q.00 

1 . 00 

14.00 

10.00 

90.00 

2.90 

.1.6.00 

424.00 

2095.00 

3.00 

125.00 

* * * * 
2.  16 

1 . 05 

2.30 

.1.00 

0.00 

1.00 

14.tiO 

11. 00 

90.  10 

6.  10 

..  -8.00 

424.00 

3942.00 

3.00 

125.00 

**** 
1 . 05 

2.  19 

4.61 

1.00 

0.00 

1 . 00 

14.00 

12.00 

39.50 

4.00 

— y . oo 

425. 00 

2392.00 

3.00 

125.00 

<1 . 88 

1.19 

2. 56 

1.00 

0.00, 

1.92 

1.00 

• 15.00 

2.  00 

90.30 

9.  10 

-3.00 

426.00 

6228.00 

2.00 

250. 00 ; 

***  * 

0.62 

3.73 

7.48 

1 . 0O 

0c  00 

1 . 00 

15.00 

3.00 

90.20 

0.10 

-3.00 

425. OO 

5463.00 

2.00 

250.00 

**** 

0.78 

2.97 

6.06 

1.00 

0.00 

COMMENT 


TABLE  11.1  COMP 1 LI 


CONFIG 
HLFHfl  * DEG  > 
OH  ZET  <NZj 

thole  «'  sec  > 


pi  ii  i 
PPM 

EfM  POT  *, '.  • 


1 . 00 

15.00 

•8.00 

425. 00 

* » * * 

0.82 

2.*/r 

1.00 

15.00 

6 . 00 

425.00 

ft  * ft  * 

3.80 

0.61 

1 . 00 

1 5 . 00 

•6.  00 

425.00 

ft  4 ft  ft 

2.24 

1.03 

1 . on 

15.00 

6.00 

• -425.0m 

4*** 

1.81 

i . 

1 . 00 

15.00 

6.00 

425.00 

ft  ft  ft  ft 

0. 04 

2.42 


I ^ 00 
-8.00 
ftftft* 

o.  s,« 


15.00 
•125. 00 
4.0/ 


TABLE  11,1  COMPILATION  OF  UMR/HTA  AEROELASTIC  STABILITY  DATA 


COMF1 a 
OLFHO  < IiEG  > 
OH  LET  'H2> 
Till'll- F < '5 EC  > 


IMIIH&U 


pi  m te  >T  f • o ( 1 1 r 

PPM  THRUST  <Lti> 
ETM  ROT  ETH  FIM 


V f KNOTS)  TMETfl  (DEL) 
TYPE  EMC  IT  MUG  EM  <CT> 

GftCE  D CYCLIC 


1 . 00 
-8.00 
* **  k 

15.00 
425.  00 
3 . 20 

12.  00 
5388 . 00 
6.53 

5 9.  yo 
2.00 
1.00 

8.  10 
150.00 
0.00 

0 ft  f v"» 

1.00 

-y.oo 

kkkk 

15.  00 
425 . 00 
2.01 

13.00 
4500.00 
4 . 20 

53.70 
2.00 
1 . 00 

6.20 

350.00 

0.00 

1.15 

1 . 00 
-S.00 

kkkk 

15.00 

426.00 

1.22 

14.00 
3003. 00 

2.61 

53.70 

2.00 

1.00 

4.  10 

300 . 00 
0.00 

l • Of 

• 

1 . 00 
-if: . OU 
100.00 

15.00 

125.00 

0.86 

15.00 
2268. 00 
i . sr  • 

60.  10 
2.00 

1 .00 

3.  10 
225.00 
0.00 

2.6*1 

1 .00 
-6.00 
A*  £ * 

1 . 05 

16.  00 
425.00 
2.21 

4 . 00 
4822. 00 
4 . 50 

120.00 

2.00 

l.OO 

8.20 
150.00 
0 . OO 

1 . 00 
-0.00 
kkkk 
1.6^ 

16.00 

425.00 

1.42 

5.00 

3502.00 

2.y? 

120.00 
2 . OO 
1.00 

6.20 

175,00 

0.00 

TABLE 


CONFIG 
HLPNO  vDEG> 
rjH  :i:  r *'H2> 

TNllLF  ‘,2  EC  > 


11.1  COMPILATION  OF  BMR/RTA 
(SHEET  14  OF  33) 

pl IH  TEST  POINT 

PPM  TIIPIJST  * LB  > 
ETO  POT  Em  FIX  <’-> 


AEHOELASTIC  STABILITY  DATA 


V < PHOTS)  TNETfl  U'EG) 
TYPE  EXC  IT  HOG  EX.  * C T> 

GfiGE  n CYCLIC 


1 . 00 
-6,00 

2. 54 

lC.oo  • 

425.00 
0 . 90 

6.00 
1 953 . 00 

1.93 

119.70 

2.00 

1.00 

4.20 

150.00 

0.00 

i . 00 
— 0 • 00 

* * * * 

10.00 
425.00 
?. . 33 

7.00 

4226.00 

4.34 

120.00 
2.00 
1 . 00 

0.  30 
175.00 
0.00 

0.90 

1.00 
-o . 00  . 

ftftft* 

16.00 

425.00 

1 . 24 

3.00 
2326 . 00 
2.  59 

119.70 
2 . 00 
1 . 00 

6.  20 
175.00 
0 . 00 

i . 86 

1 . 00 

-3.00 

ft  * ft  * 

16.00 
424. 00 
1.13 

9.00 
2 1 6 1 . 00 
2.41 

1 19.60 

2.00 

1 . 00 

5.20 
150.00 
0 . 00 

2.0  3 

1 . 00 
1 0 . 00 
4.75 

1 7 . 00 
425.uO 

tL  . . 0 

2 . 00 
927 3.00 
l . 49 

1 27’.  20 
2 . 00 
1.00 

* 

8.  10 
200.00 
0.00 

1 . 05 

1 . 00 
10.00 

l 7.  00 
425.00  ’ 

ft**  » 

* A * * 

143.00 

2.00 

9.00 

200.00 
r*  >3  a 

TABLE  11.1  COMPILATION  OP  BHR/RTA  AEROELASTIC  STABILITY  DAiA 


COMF1 G 
1 <-DEG> 
T UD 
' <’.3F.i:  .* 

PUI1 

PPM 

L1H  KOI  ' ••  > 

IC5T  P01II1 
THRUST  • LU.* 

kth  pi::  < '. > 

1 . 00 

17.00 

4.00 

-10#  00 

425.00 

2420.00 

4 . 75 

1.13 

2 . 05 

4.  13 

1 . 00 

17.00 

5.00 

-10.00 

4 . 00 

1347.  ii 0 

•1 . so 

1.51 

1 . 53 

* J • l O 

1 . 00 

17.00 

Cm  00 

-10. 00 

425.*«0 

302‘H . U‘.i 

4.75 

0.34 

2.40 

4 . 24 

1 . 00 

13.00 

s.  00 

12.00 

425.00 

3720. 00 

4.75 

0.56 

2.45 

4 . SO 

l . 00 

13.00 

4 . 00 

-12.00 

425.00 

307 1 . 00 

4.75 

0. 00 

2.i'0 

t f l<  j > 

1 . 00 

10.00 

3 . Oil 

-12.00 

424 . 00 

2445.00 

4.7? 

1.1b 

2.01 

4 . 00 

V * HtOTS  * 
TYPE  CXIT 
CAGE 


14  3.40 

2.00 

1 . 00 


143.20 

2.  00 

1 .00 


144.  10 

2.00 

1 . 00 


143.60 
3.  00 

1.00 


14  3.40 

3.00 

1 . 00 


143.20 

3.00 

t . 00 


IHETfl  (BEG'* 

mhg  * c r .» 

D (Yi.T.IC 


0.  10 

175.00 

0.00 


7.  10 

} SM « 00 

o.oo 


10.00 

150.00 
0 . 00 


11.30 

100.00 

0.00 


10.30 

100.00 

0.00 


1 00 . 00 

0.00 


TABLE  11.1  COMPILATION  OF  BMR/RTA  AF.  ROLL  ASTI  C STABILITY  DATA 


• CONFIG 
oinift  •:  r>Ec,« 
Oil  L’ET  «.HJ) 
TUfiLF  C/SEO 

innnr.i 

RHII 

Bill 

L'TII  Bur  v.’.> 

I u VI  * J 1 

test  point 
THRUST  «LD> 

tin  fix 

V * 
TYPE 

KNOTS > 
EMC  I T 
i-iMCfl 

THETfi  ( IlEG  * 
HOG  EM  U.  T > 
D CYCLIC 

COMMENT 

l . 00 
-is.  00 
4 . 38 

o.  ?2 

18.00 

335.00 

3.4? 

18.00 

3844.00 

13.41 

39.00 

3.00 

1.00 

?.  10 
150.00 
0.00 

1 .00 
-G.OO 
4 . SO 
0. 84 

18.00 
335. OU 
2.84 

14.00 

3144.00 

11.8? 

* 

90.10 

3.00 

1.00 

7.90 

200.00 

O.OG 

* 

1 . 00 
-8,00 
•1 . 50 

1.0? 

13.00 

335.00 

2.23 

18.00 
2324 . 00 
•3.49 

89.80 
3.80 
1 . 00 

8.00 

200.00 

O.UO 

1.00 
-8.00 
4.8?: 
1 . Oil 

18.00 

335.00 

1 . 23 

20.00 
14??. 00 
5.55 

90.00 

3.00 

1 .00 

4.00 

125.00 

0.00 

i 

1 . 00 
-8.00 
4 . 88 
2.  ?1 

13.00 

3 '35. 00 
0.38 

2 1 . 00 
815.00 
4 . 05 

89.  ?0 

3.00 

1.00 

2.00 
too. UO 
0.00 

• 

1 . 00 
-8.00 
4.  SO  . 
0.88 

* 

18.00 

385.00 

2.32 

13.00 

278:3.00 

11.1? 

30.00 

3.00 

1.00 

8.00 

lUO.OO 

0.00 

• 

TABLE 


11.1  COMPILATION  OF  BMR/RTA  AEROEl.ASTIC  STABILITY  DATA 
f«:iiEF.T  17  OF  13J — 


D CYCLIC 


CONFIG 
ALPHA  < I'CG  < 

on  ;:et  •hl’> 

THALF  CiF.C  '• 

PUIl 

PFII 

Ein  For 

TE5T  POINT 
TNPM8T  *'LI5> 

eth  fi::  ‘ -:t 

■V  ( KNOTS > 
TYPE  EXCII 
GAGE 

1 . 00 
-8.00 
4.63 

19.00 

335.00 

1 . 09 

22.00 

1943.00 

7.83 

90.30 

3.00 

1 . 00 

1.  30 

1 . 00 
-8.00 
4 . 6.  3 

19.00 

335.00 

1 . 23 

23.00 
1 162. 00 
5.34 

89.90 

3.00 

1 .00 

6.00 

125.00 

0.00 


<1 . 00 
100.00 
0.00 


1 . 00 

-8.00 

4.83 

1 . 00 
-8.00 
4.83 

0. 52 

1 . 00 

-8.00 

4 . 83 
0.72 


19."0 

335.00 

0.71 


20.00 

400.00 

4.57 


20.00 
400. 00 
3.20 


20.  "0 


24 . 00 
125.00 


3.  00 
80 75. 00 
10.33 


4 . 00 
4330.00 
7.83 


5.00 

A L*  7al'l 


89.60 

3.00 

1.00 


89.80 

3.00 

1.00 


89.80 

3.00 

1.00 


2.00 

1OO.00 

0.00 


10.  10 
125.00 
0.00 


8.00 

125.00 

0.00 


TAHIj.v 

: 11. 

1 com*  ILATIOtl  Of  BMR/KTA 
f«?IIFKT  IS  01-  3 1) 

akroulasttc  stability 

DATA 

Cl 

ML  OHM 
OH  ZET 
THfll-F 

01  IF  10 
•:  nt  >.  > 
• HZ  ■ 

< : F.C  ) 

.Fill 

toil 

mu 
to  i • 

T L :* 
Turn 

r roim 

2.1  • LC  • 

f 1 

V < KUO rs * 
TYPE  l. : I T 

Go  CL 

THE  Til 
hoc  i: 
n *: 

• r*t.G> 

• c i > 
vet  I c 

4 

1 . 00 

, oo 

20.00 
400. 00 

.*• 00 
^ £•:,£ . Cut 

09 . 30 
3.00 
1 . GO 

4 . 00 
125.00 
0.00 

•1 . 75 

1 . 1 *> 

*'  i "V 

2.00 

1 . oo 

-l;. . I.H) 

4 . 75 

20.00 
•>.•19.  no 
0.34 

7.00 

;ir.M  . 1.111 

i* 

30 . 50 

3. 00 

1.00 

2.00 
125. 00 
0.00 

2.74 

1 . oo 
-0.00 
4.*:.  3 

20.00 

400.00 

3.52 

. 00 
5608. OO 

8 . 0 1 

30 . 70 
3.00 

1 . 00 

10.  10 
1 25.00 
0 . 00 

O.c.0 

1 . no 

-3.00 

20 . 00 
400.00 

*;<  # no 

•13*17.00 

,2  £ J » 

39.30 
3.  00 
1 .00 

125.01* 

fi  # uft 

i tr. 

*1  • i .< 

5 0 

v • * * - 

1 .00 

-0.00 
•i . 75 
i . it 


20.00 
i DO. oo 
l.*>3 


J >.i . O'* 
*;u07 . GO 
?..  01 


0.00  *>.00 

0.00  125.00 

J.00  0.00 


l . 00 

-0.00 


1 


1 1 . 00 
727.00 


00 . 90 
3.1*0 

i fin 


COMMENT 


.":**.  oo 
•mo.  oo 


4 . oo 
1 25 . oo 
0.00 


590 


1 


■') 


1 


COMFir, 
fiLFHfl  vDED 
OM  ZET  <HZ> 
IHfiLF  <sec> 


TABLE  H.l  COMF1  LATION  OF  BMR/RTA  AEROELASTIC  STABILITY  DATA 
(SHEET  19  OF  33) 

THt'Tfi  (F'Lr.) 

hhg  e : : •:  c t > 

I)  CYCLIC 


1 . 00 
-3.00 
4.75 
3.  1 l 

1 . 00 
-10.00 
4.33 
0.51 

1 . 00 
-10. 00 
4.75 
0.34 

1 . 00 
-10. 00 
4 . 33 
1 . 09 

1 . 00 
-10.00 
4 . 33 

0. 33 

1 . 0U 
-10.00 
4 • r-3 

1 . 00 


F’UM 

PPM 

ETlVROT  < •. > 


Tf 


30.00 
399. 00 
0.74 


31.00 
4 37. 00 
4 . 55 


21.00 
438. 00 
3.31 


21.00 

375.00 

2.  13 


21.00 

376.00 


21.00 
375. 00 
2.20 


r POINT 

ist  a o ; • 

fix  <*.:• 

7 < KNOTS'' 

type  k::cit 

ClTGE 

12.00 

00.00 

347.00 

?.  00 

1 . 90 

1 . 00 

19.00 

0.00 

3 08 6. 00 

3.00 

ft.  56 

1-.00 

20.  00 

0.00 

4973. 00 

3.00 

3.92 

1 . GO 

2 1 . 00 

0.  GO 

2313.00 

2. 00 

3. 23 

1 . 00 

22.  00 

0.00 

2570.00 

2.00 

l i t't* 

1 . 00 

23.00 

. 0.  Cu‘i 

2510. 00 

2.00 

3.20 

1 . 00 

2.00 

125.00 

0.00 


10.00 
125.00 
0 . 00 


3.00 

125.00 

0.00 


3.00 
250.00 

1 . 00 


6 . 00 
250.00 
2.00 


i 3..  10 
250.00 
3.  OU 


COMMENT 


.CYCLIC 


I 


TRIM 

VAR. 


TAD  LIS  Jl.l  COMP  HATTON  OF  BMR/RTA 
(SIIISHT  20  OF  33) 


CONFIG 
ALPHA  (PEG) 
OH  ZEI  •'  HZ  > 
THALF  (SEC) 

1*  Mil 
PPM 

ETA  POT  <*.  ) 

I LOT  POINT 
TURNS  1 L l>  > 
El H FIX  <*:> 

1 . 00 

2 1 . 00 

24.00 

-10.00 

375. 00 

.2!>::s.oo 

4.63 

1 . 72 

5.40 

1 . 24 

j . 00 

21.uO 

*£*  * 

-in. 00 

375 . MO 

**** 

4 . 75 

2.27 

6.43 

1 . 05 

1 . 00 

21.00 

* * * * 

-10. 00 

3T5. 00 

4 • iri» 

2.  CM 

S.?4 

1.19 

1 . nn 

21  . UO 

* * £ * 

-10. On 

375.00 

* A A* 

4 • *53 

1 . 70 

5.  »?9 

1 . 20 

1 . 00  . 

2 1 . 00 

AAA* 

-10.00 

575.00 

**** 

4 . 0 5 

2.  IS 

6.14 

UP  ’ 

2 . On 

22.00 

2.  OO 

-10.00 

375.00 

342C.00 

4.  SO 

4 . 25 

11.75 

ft  1*7 

U • • • | 

STABILITY  DATA 


V (PHOTS'! 
TYPE  EXCir 
GAGE 

THETA  ( br.~.% 
HllG  EX  , r n 
P CYti  1 > 

COMMENTS 

0,00 

6.00 

CYCLIC 

2.O0 

250.00 

TRIM 

' t.OO 

4 7O0 

‘ VAR. 

0.00 

6.00 

EXCIT. 

2.00 

50.00 

AMPLITUDE 

1 . GO 

0.  »j0 

VAR. 

0.00 

6.00 

i 

‘ 1 
1 

2.00 

100.00 

I 

1 . 00 

0.00 

I 

j 

0.00 

6.00 

2.00 

200.00 

1 . DO 

0.00 

' 0.00 

c.oo 

2.00 

400.00 

1 . 00 

0.00 

y!  . 00 
200.00 
0.00 


0.00 

2 . 00 

l . 00 


TABLE  1 1 


.1  COMPILATION  OF  DMR/RTA  AEROELASTIC  STABILITY  DATA 
f SHEET  21  OF  33*  ■■■  — — 


CONFIG 
nLPun  cdeCi)  . 
ON  ZET  (HZ) 
THfll.F  (SEC) 

2.00 

-10.00 

4.75 

0.05 

2 . 00 
-10.00 
4 . 75 
0.70 

2.00 

-10.00 

4.75 

0.71 

2.00 
-10.00 
4 . 63 
0.00 

2.00 
-10.00 
4 . 75 
1 . 05 

2.00 

_ i ft  f i 


RUM  T^T  PO HIT 
FTN  THR"S  ..(LB^ 

F:OT  (*•)  ETH  FI.’.  ( ••  > 


22.00 

400.00 

2.48 


22.00 

410.00 

3.35 


22.00 

425.00 


22.00 

375.00 

2.41 


22.00 

400.00 


22.00 

410.00 


5.00 
. 8825. 00 

5 • y l 


3.  00 
15.00 

7.41 


V (KNOTS) 
TYPE  EMC  I T. 
GlTCE 


0.00 

2.00 
1 . 00 


0 . 00 

2.00 

1.00 


THE TO  (DEG) 
MflG  EM  (CT> 

U CYCLIC 


0.00 

300.00 

0.00 


00 
> I ...00 
0.00 


4.00 

ISO.  00 
-«? 

C • . i i 

0.00 

2.00 

1.00 

8.00 

225.00 

0.00 

6.00 

24c0.00 

kT  C*  Ci 

0.00 
2 . 00 

1 . 00 

6.00 
400.00 
0 . 00 

t>  • 

7.00 

2675.00 

L-  -.t* 

0.00 
2.00 
1 . 00 

6 . 00 
£00.00 
0.00 

v.«  • 

rt.  00 
£7*5.00 

4 1*4  L*J 

0.00 

2.00 

1.00 

t^.  00 

250.00 

0.00 

TABLE  11.1  COMPILATION  OF  BMR/RTA  AEROELASTIC  STABILITY  DATA 


CONFIG 
ALPHA  (PEG) 
OH  ZET  <HZ> 
THflLF  (SEC) 

RUN 

RPN 

ETA  ROT  <::) 

TEST  POINT 
THRUST  *LB> 
ETA  F IK  Ci> 

V < KNOTS) 

type  e::cjt 

GAGE 

THETA  (BEG). 

hag  e:;  <ct> 

D CYCLIC 

2.00 

22.00 

15.00 

0.  00 

4.00 

-10.00 

400.00 

1675.00 

2.00 

275.00 

•1.75 

1.76 

1.32 

o > o 

•-•  • — V 

1 . 00 

0.00 

2.00 

22.00 

16.00 

0.00 

4.00 

-lO.OO 

408.00 

1685. 00 

2.00 

300.00 

4.80 

1.84 

1.18 

2.80 

1 ; 00 

0.00 

2.00 

22.00 

17.  00 

0.00 

4.00 

-10.00 

425.00 

1845.00 

2.00 

250.00 

4 • yy 

2.  15 

1 . 06 

-j  50 

9 *HP 

1 . 00 

0.00 

2 . 00 

23.  00 

2.00 

, 80.10 

4.00 

-S.Ofl 

334 . 00 

1 2t‘y . oo 

3.  00 

125.00 

4 . ‘S  3 
1 . ?CJ 

1 . 36 

5.97 

1 . DO 

0.00 

2.00 

23.00 

3.  00 

80 . 1 0 

3.00 

-0.00 

374.00 

1*33.00 

3.00 

125.00 

4.75 

2. 10 

1 . 08 

3.  22 

1 . CO 

0 . 00 

2. 00 

23.00 

4.00 

80.30 

i 3 . ‘"'0 

-0.00 

4uO. 00 

180  >.00 

3.00 

125.O0 

4.75 

1 . 92 

* 

1.21  • 

3.01 

1 . 00 

0.  00 

COMMENT 


TABLE  11*1  COMPILATION  OF  BMH/RTA  AEROELASTIC  STABILITY  DATA 


(SHEET  24  OF  33)  ■ . 

CONFIG 
ALPHA  (PEG) 
ON  ZET  (HZ) 
TIIALP  Co  EC) 

FI  l|| 
PPM 

ETR  ROT  (•;> 

TEST  POINT 
THRUST  (LB) 

Em  fi>:  <*:> 

V (KNOTS) 
TYPE  ENCIT 
GAGE 

THETR  (PEG) 
HAG  E”  (CT) 
D CYCLIC 

2.00 

-8.00 

•1.75 

1.91 

23.00 

409.00 

1.21 

5.00 

1983.00 

2.85 

90.30 

3.00 

1.00 

3.90 

125.00 

0.00 

2.00 
-3.00 
•1 . 80 
1.92 

23.00 

425.00 

1.19 

6.00 
2183.00 
2.  56 

90.00 

3. 00 

1 .00 

4.00 

125.00 

0.00 

2.00 
-4.00 
4 . 08 

j 2.23 

23 . 00 
425.00 
0.97 

7.00 
1741.00 
2.  14 

90.10 

3.00 

1.00 

2.00 

125.00 

0.00 

. 

2 . 00 
-4.00 
4 . 88 
1 . 70 

23.00 
425.00 
1 . 34 

8.00 

3291.08 

2.33 

90.20 

3.00 

1 . 00 

4.00 

125.00 

0.00 

2.00 
-4 . 00 
4 . 75 

1.12 

23.00 

424.00 

2.06 

9.00 
4856. 00 
4 . 34 

90.30 

3.00 

1 . 00 

6.00 

125.O0 

0.00 

COMMENT 


2*00 
-1 . 00 
. 7*. 
0.70 


i r» . on  50.50 

6260. 00  3.00 

6.70  1.00 


23.00 
1 25.00 
3.32 


C.  00 
125.00 
0. 00 


TABLE  H.l  COMPILATION  OF  BltR/KTA  AEROELASTIC  STABILITY  DATA 
(SHEET  25  OF  33) 


CONFIG 
ALPHA  <HEG> 
OH  ZET  ■'HZ) 
THfiLF  <SEC) 

FUN 

PPM 

F.TR  ROT  <-;> 

TEST  POINT 
THRUST  at:* 

eto  fi::  C;> 

V •!  KNOTS!' 
TYPE  EJXIT 
GhGE 

THE 

mug 

D 

■ . •'rEG-.*  1 
E X (Cl; 
CYCWC 

3.00 

26.00 

2 . 30 

0.00 

3.00 

-10.00 

375.00 

3135.00 

3.  00 

125.00 

4 . 63 
1.01 

2.  3*3 

6.  Cl 

1.00 

0.00 

3. 00 

26.00 

3.  no 

0.00 

5.90 

-10.00 

375.00 

2215.00 

3.00 

125.00 

4.63  \ 
1.24 

1 • 92 

5.50 

1.00 

0.00 

3.00 

26.00 

4 . 00 

0.00 

3.90 

-10.00 

375. 00 

1350. 00 

3.00 

125.00 

4.  75 

1 . 03 

3.  20 

1.00 

0. 00 

-•1? 

3 . 00 

26.00 

5.  On 

0.00 

3.  10 

-10.00 

373.00 

1 030 . 00 

3.00 

125.00 

-100.00 

0.92 

2 . 76 

1.00 

0.00 

3.00 

36.00 

6.  00 

0.00 

G.  10 

-10,no 

400.00 

363 1 . 00 

3.00 

125.00 

4.75 

2.50 

5.3j 

1 . 00 

n,  nn 

0.94 

uo 

26.00 

7.00 

0.00 

6.  10 

-10.00 

399. on 

• 2501.00 

3.00 

125.00 

4.7,5 

1 . 50 

* 

1 . 56 

3.  70 

1 . 00 

0.00 

COwMENT 


TABLE  11.1  COMPILATION  OF  UMR/RTA  AERORLASTIC  STABILITY  DATA 
(SHEET  26  OF  33) 


CONFIG 

in  aiEG.j 

’GT  aiz> 
.F  •'.SEC  > 

PUN 

PPM 

ETH  POT  •;*;) 

TEST  POINT 
• TIIKUST  at) 
ETH  FIX  <’0 

3.00 

26.00 

0.00 

-10.00 

400. 00 

1555.00 

4.75 

1 . 08 

2.68 

2.15 

3.00 

•?6. 00 

9.00 

-10. 00 

400.00 

1071.00 

- 1 00 . Oft 

0*  09 

2 • 24 

d . *0 

3.00 

26 . 00 

10.00 

- 10. 00 

425.  OtJ 

40:35.  UO 

4.75 

2.80 

00 

0.00 

3.00 

26.00 

11.00 

“10.00 

424.00 

274 1 . 00 

4.75. 

1.60 

3.56 

1 . 30 

3.00 

26.00 

12.00 

-10.00 

425.00 

1725.00 

4 . 00 
1.35 

1.17 

2.  52 

3, 00 

26 . 00 

12.00 

-10,00 

425.00 

1725.00 

4 x ri 

1 . 24 

2.67 

V •: KNOTS) 

type  e:;cit 

GOGE 


0 . 00 

3.00 

1.00 


0.00 

3.00 

1.00 


0.00 

3.00 
1 . GO 


0.00 

3.00 

1 . 00 


0.00 

3.  00 

1 . 00 


0.00 

2.00 

1.00 


THE  fH  UiEG) 

nnc  ex  •'  c t ) 

n CYCLIC 


4.10 

125.00 

0.00 


COMMENT 


3.00 

125.00 

0.00 


o.  no 

125.00 

0.00 


0.00 

125.00 

0-00 


4 . 00 

125.00 

0.00 


,4.00 

50.00 

0.00 


TABLE  11.1  COMPILATION  OP  BMR/HTA  AGROELASTIC  STABILITY  DATA 
(SHEET  27  OF  33) 


CONFIG 
m.F'Mfi  (DEG) 
Oil  ZET  <HZ) 
THflLF  <SEC> 

PUN 

PPM 

ETn  rot 

TEST  POINT 
THRUST  <LB> 

eto  fix  <*;: 

V (KNOTS) 
TYPE  EXCiT 
GlIGE 

THETH  (DEG) 
HOG  EX  <CT> 
D CYCLIC 

3.00 

26.00 

12.00 

0.00 

4.00 

-10.00 

425.00 

1725.00 

2.00 

100*00 

4 . OS 

0.99 

2.  13 

1.00 

0.00 

2.30 

3.00 

26.00 

12.00 

0‘.  00 

4.00 

-to. 00 

425.00 

1725.00 

2.00 

200.00 

4.00 

1.14 

2.45 

1«Q0 

0.00 

2.00 

3.00 

26.00 

12.00 

0.00 

4.00 

-10.00 

425.00 

1725.00 

2.00 

300.00 

4 . SO 

1.15 

2.47 

1.00 

0.00 

1.98 

3.00 

26.00 

12.00 

3.00 

4.00 

-10.00 

425.00 

1725.00 

2.00 

400.00 

4.30 

1.19 

2.56 

1.00 

0.00 

1.92 

3.00 

26.00 

12.00 

0.00 

4.00 

-10.00 

425.00 

1725.00 

2.00 

500.00 

4.30 

1.14 

2.45 

1.00 

0.00 

2.00 

3.00 

27.00 

3.00 

39.90 

;4 . 00 

-0.00 

• 335.00 

302. 00 

3.00 

125.00 

4.63 

1 . 35 

5. 36 

l . 00 

0.00 

1.00 

• 

COMMENT 


EXCIT. 
AMPLITUDE 
P. 


■) 
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■) 


TABLE  11.1  COMPILATION 'OP  BMR/RTA  AEROELASTIC  STABILITY  DATA 
(SHEET  32  OF  33) 


TABLE  MOTES 

CONFIG  - CONFIGURATION 

1 ■«  BASELINE  BMR/RTA 

2 - BASELINE .BMR/RTA,  BALANCE  DAMPERS  OFF 

3 = BASELINE  BMR/RTA,  BALANCE  DAMPERS  OFF,  SOFT  PITCH  LINK 

4 = P ADELINE  BMR/RTA,  PLUS  FLEXBEAM  DAMPER  STRIPS 

5 = BASELINE  BMR/RTA,  PLUS  FLEXDEAM  DAMPER  STRIPS,  BALANCE  DAMPERS  OFF 

RUN  » WIND  TUNNEL  RUN  NUMBER 

TEST  POINT  •*  TEST  POINT  NUMBER  FOR  TEST  CONDITION  DATA,  I.E.,  SHAFT  ANGLE,  TUNNEL 
SPEED,  ETC. , WHEN  THESE  DATA  WERE  RECORDED  JUST  PRIOR  TO  ACQUIRING 
STABILITY  DATA. 

V = WIND  TUNNEL  SPEED 

THETA  INDICATED  NOMINAL  COLLECTIVE  PITCH  AT  70  PERCENT  BLADE  RADIUS 
ALPHA  = ROTOR  SHAFT  ANGLE  (PLUS  NOSE  UP) 

RPM  = ROTOR  SPEED 

TYPE  EXCIT:  1 = LATERAL  CYCLIC  STEP 

2 “ LATERAL  CYCLIC  SINUSOID 

3 “ NUTATION 

S1AG  EX  = MAGNITUDE  OF  EXCITATION  TN  COUNTS,  500  COUNTS  APPROXIMATELY  = .75  DEGREES 
„>M  2KT  = FIRST  CHORD  rIODE  ROTATING  FREQUENCY,  ttz 


i 


ETA  ROT 
ETA  FIX 

GAGE 

D CYCLIC 

TKALF 

* 

***** 
NOTE  1: 


TABLE  11.1  COMPILATION  Or  BMR/RTA  AEROELASTIC  STABILITY  DATA 
(SLEET  33  OF  33) 


= ROTATING  SYSTEM  DAMPING  AT  FIRST  CHORD  MODE  FREQUENCY,  PERCENT  CRITICAL 

« FIXED  SYSTEM  DAMPING  AT  THE  LEAD-LAG  REGRESSING  MODE  FREQUENCY  (BASED  ON 
ETA  ROT)  , PERCENT  CRITICAL  (SEE  NOTE  1 BELOW) 

= MEASUREMENT  USED  TO  DETERMINE  DAMPING 

1 = BEAM  CHORD  BENDJNG  AT  STA  11  (CB  11A) 

2 = BLADE  CHORD  BENDING  AT  STA  14.25(CB  14.25,  BLADE  Cl) 


CYCLIC  TRIM  VARIATION 

0:  CYCLIC  FOR  MINIMUM  HUB  PITCH  AND  ROLL  MOMENTS 


Is  Al  = -1.  _ 

2:  Al  « - .7° 

3:  Al  = .6° 

4:  Al  « -1.3° 
(REFERENCE  Al  = -.0* 


B1 

Bl 

B1 

Bl 

Bl 


1.5 
-.5° 
.3° 
0° 
.5°) 


TIME  TO  HALF  AMPLITUDE,  BASED  ON  ETA  ROT  AND  OM  ZET,  SECONDS 
(SEE  NOTE  1 BELOW) 


.=  DATA  MAY  NOT  BE  VALID 
= DATA  NOT  AVAILABLE 

FOR  COMPUTING  ETA  FIX  AND  THAI.Fs 

A)  FOR  CONFIG  = 4 OR  5 , THE  MOVING  BLOCK  VALUE  FOR  ETA  ROT  WAS  USED 
(MOVING  BLOCK  VALUES  FOR  ETA  ROT  ARE  PRINTED  IN  THIS  TABLE) 

B)  FOR  CONFIG  - 1,2,  OR  3,  A VALUE  FOR  ETA  ROT  BASED  ON  VERTOL  WHIRL  . 
TOWER  TESTS  = 4.75  + 1.24((fl/375)-l)-.02  ©7  HZ,  -CLIN  RPM,  ©y  IN 
DEGREES,  WAS  USED  TO  COMPUTE  ETA  FIX  AND  T HALF  FROM  ETA  ROT. 
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